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INTENT 


SCOPE 


Preface 


This text deals with basic digital circuits and the signals with which they 
operate. The signals are classified as pulses while the circuits are small scale— 
hence the title of the book. 

Small-scale circuits primarily include inverters, gates, buffers, Schmitt 
triggers, and the three types of multivibrators—bistable, monostable, and 
astable. These units are important not only as unique devices but because they 
form the building blocks for the more extensive arrangements employed in 
medium- and large-scale integration. 

Pulses are the result of repeated switching from one level to another. 
These pulses can become distorted and delayed in practice and, as such, affect 
the speed of operation. Also, due to the rapid changes in voltage and current 
they incur, pulses can produce unwanted noise signals on lines which adversely 
affect circuit performances. On the positive side pulses are shaped or created 
for specific purposes. The quality of pulses is an important factor in the 
performance of a digital device. 

The intent of the text is not to show the integrated circuit as a mere block 
with unexplained input-output specifications from a manufacturer’s sheet. It 
is the intent to show how the circuit works and what is behind the values set 
forth in the specifications. As a result, it is necessary to utilize the principles 
of the discrete switch as a foundation. In other words discrete circuity, though 
not an end, is still an important stepping stone in the understanding process. 


The coverage of the text is three part. The first four chapters explain the 
nature of the pulse and its response when subjected to passive circuit param- 
eters, both lumped and distributed. The response is evaluated in both the 
frequency and time domains. 

The fifth and sixth chapters explain the operation and application of the 
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diode and transistor as a switch. It is here that the background for the inte- 
grated circuit specifications are introduced. Propagation delay, voltage levels, 
noise margin, loading, and current drive all have roots in these chapters. It is 
here that concepts are discussed which will be used to explain circuit operation 
in later chapters. Transistors are not limited to bipolar. Considerable attention 
is given to the enchancement MOSFET, including the basic operation of 
CMOS. 

Small-scale circuitry starts in Chapter 7, which integrates the transistor 
switch into a chip and discusses the nomenclature and ratings of the integrated 
digital circuit. Chapter 8 introduces the logic gate and sufficient Boolean 
algebra to appreciate the application. This chapter starts with simple diode 
gates and uses the DTL circuit as an intermediate step before concentrating 
on the basic TTL NAND gate. Chapter 9 goes into the various gates and 
buffers of the TTL and CMOS systems along with preliminary information on 
ECL, I’L, PMOS, and NMOS. The final four chapters deal with the Schmitt 
trigger and the three multivibrators—flip-flop, monostable, and astable. The 
flip-flop and monostable presentations go into some detail on types and 

applications. 

I do not pretend to have read all the textbooks on these subjects nor do 
I know what is in the pipeline. However, from sources available to me I have 
been able to find only limited information on the topics listed below. 


Response of a capacitor to a step voltage (Sec. 3-8). 

Spike suppression when interrupting current in a coil (Sec. 4-6). 
Use of a clipper to improve rise time (Sec. 5-7). 

Effects of distributed capacitance and inductance (Sec. 4-4). 

The employment of the enhancement FET as a resistor (Sec. 6-9). 
TTL NOR and expansion (Sec. 9-1). 


Considering this information important, I have given these topics prom- 
inence in the sections indicated. 


ADAPTABILITY 


It is understood that electronics programs will vary between schools due to the 
different needs of industry in their respective communities. It is also evident 
that there is even more variety in the way a program is subdivided into specific 
courses. As a result of this, it is expected that the complete coverage of the text 
will not exactly fit the course syllabus on a number of occasions. Hopefully, 
the material is organized and titled in such a way that an instructor can readily 
select and skip sections to best fit the needs of the proposed course. 


Preface xv 
PREREQUISITE BACKGROUND 


This text is primarily intended for second-year students in digital or electronic 
technology programs in community colleges and technical institutes. At the 
same time there is no apparent reason why the material cannot be used in the 
second year of a four-year technology curriculum. 

Although every effort is made in the text to review background material, 
including special appendixes, to feel comfortable and adequately prepared the 
reader should have the following exposure: 


DC fundamentals to include the concepts of voltage, charge, and cur- 
rent; Ohm’s law, series and parallel circuits, Kirchhoff’s laws, and re- 
sistance formulas. 


Mathematics to include basic algebra, sine and cosine functions, ex- 
ponents, and logarithms. 


AC fundamentals to include phase, frequency, period, average value, 
inductance, capacitance, reactance, Lenz’s law, Faraday’s law, reso- 
nance, and equivalent generators. 


Basic electronics to include (1) electron and hole flow, majority and 
minority carriers, theory of a junction; (2) the operation of diodes, 
bipolar transistors, enhancement MOSFETs, and junction FETs; (3) 
biasing, characteristic curves, operating points, and the various circuit 
configurations. 


LEARNING AIDS AND PHILOSOPHY 


The text includes approximately 335 drawings, 180 examples, 430 problems, 
and 35 sheets of specifications and ratings from manufacturers’ catalogs. To 
supplement instruction and facilitate learning, effort is made to answer ques- 
tions students frequently ask in class. An example of this is the often asked 
question, ‘‘Why is it necessary to have NAND and NOR gates?”’ 

Appendices include supplementary material for depth, application, or 
curiosity. . 

Students frequently forget important material learned in prerequisite 
classes. This condition is exacerbated by personal conflicts which prevent 
following the sequence of courses at the recommended rate. With this in mind, 
the text includes prerequisite material as part of the subject matter or refers 
to same in an appendix. 

Mathematical expressions used in the content do not suddenly emerge as 
unexplained formulas which enable the student to readily substitute numbers 
without understanding. Each expression is derived from a relationship that is 
known from prerequisite material or that has been previously proven in this 
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text. An objective is the reader’s understanding of the reasoning behind the 
equations presented. 

Some of the mathematical derivations will appear lengthy and give the 
impression that the text is heavier in math than it really is. This is because 
there has been no attempt to skip steps in a derivation. It is felt that this 
approach will be to the benefit of the reader who is a little uncertain of his/her 
mathematical ability without penalizing the more adept. 

Believing in the old saying “the man who knows how works for the man 
who knows why,” the text makes every attempt to tell why things happen and 
hopes to challenge the curious student. 
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Pulse Fundamentals and 
Small-Scale Digital Circuits 


Pulse Waveforms 


With the present emphasis on digital equipment, the signal most likely to be 
detected by an oscilloscope probe connected to a particular terminal is a pulse. 
The pulse lends itself to recognition easier than definition. Any attempt to 
define a pulse will be subject to controversy while most readers have some 
useful idea in their minds what constitutes this waveform. 

A pulse generally conforms to the following criteria: 


1. It is not continuous; there are abrupt changes in the waveform. In 
contrast, a sine wave has a continuous or smooth variation from 
maximum to minimum. 

2. There is a level to which the waveform returns and remains for an 
interval. This interval can be very short—measured in nanoseconds. 


To understand pulses and their behavior, the reader will have to 


1. apply a number of definitions which are not presented in the study of 
DC or sine wave AC. Some examples are rise time, pulse width, duty 
cycle, transient, and so forth. 

2. utilize the exponential equation and its associated waveform, and 
make calculations where they are involved. Some background on 
exponents and logarithms leading toward this equation is presented in 
Appendix B. 


1-1 THE STRUCTURE OF A PULSE 
A pulse can be created by putting together two or more simple waveshapes. 


Examples of some common waveshapes are listed on page 2 and demonstrated 
in Fig. 1-1: 


‘As will be observed later, there are exceptions to this criterion as in the case of the 
sawtooth and triangular waveforms. 
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Fig. 1-1 Waveform segments. (a) Partial sine waves. (b) DC levels. (c) Positive and 
negative steps. (d) Ascending and descending exponentials. (e) Positive and negative 
ramps. (f) Damped sine waves. v = voltage; t = time. 


Partial sine waves © 

DC level 

Positive and negative steps 

Ascending and descending exponentials 
Ascending and descending ramps 
Damped sine waves 


1-1.1 Examples of Pulses 


Nearly all the widely observed pulses are constructed from the segments listed 

in the previous section. Figure 1-2 shows a number of prominent examples. 

The rectangular pulse is made up of DC levels separated by positive and 

negative steps. The square wave is a special form of rectangular pulse where 
the two DC levels are of equal length. 

In passing through a circuit, a rectangular pulse receives some distortion. 

A common form of distortion is shown in Fig. 1-2(c) where the step loses its 
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a _— t ; 
(a) (b) 
U UV 
t t 
(c) (d) 
U U 
t t 


(8) (f) 
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Fig. 1-2 Common pulse waveforms. (a) Rectangular pulse. (b) Square wave. (c) Rectan- 
gular pulse (exponential distortion). (d) Rectangular pulse with ringing. (e) Sawtooth. (f) 
Triangular wave. (g) Spike. (h) SCR current pulse. v = voltage; t = time. 


Sa 


sharpness and is transformed into an exponential. Another form of distortion 
involves an overshoot and ringing as in Fig. 1-2(d). The ringing is a damped 
sine wave superimposed on the DC level. 

The familiar sawtooth is made up of a positive ramp followed by a 
negative step. Successive positive and negative ramps formulate a triangular 
waveform. : 

A step immediately followed by an exponential produces a very short 
pulse. The circuit forming this type of pulse is called a differentiator. Often this 
type of pulse is inadvertently produced as an unwanted signal. In this case it 
is called a noise spike. 
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1-1.2 Periodic versus Aperiodic 


The great majority of pulses observed using an oscilloscope in the laboratory 
repeat themselves at regular intervals. These are called periodic. Square waves 
are periodic. SCR (silicon-controlled rectifier) current pulses, when resulting 
from an applied input sine wave, are periodic. In fact, all the waveforms in Fig. 
1-2 are periodic if corresponding points are the same interval apart. An exam- 
ple of this is shown in Fig. 1-3 for both the rectangular and sawtooth waves. 
Note that the time differential between A and A’ is consistent. The same holds 
true for the time between B and B’. 


Uv 


(Volts) /}-— ‘i —| 
6 


A B A’ B’ A B A’ B’ 


0 2 4 6 8 10 12 14 16 18 20 22 24 26 
Time (us) 


(a) 


Uv 


(Volts) 





0 2 4 6 8 10 12 14 #16 18 20 22 24 26 


(b) Time (us) 


Fig. 1-3 Periodic waveforms. (a) Rectangular. (b) Sawtooth. 


The interval between these corresponding points, called T, is the period 
of the waveform. The number of intervals which occur in a second is the 
frequency f. The period is the reciprocal of the frequency: 


Ply 


These concepts are identical to those learned in the study of AC circuit 
analysis. However, when we are talking about pulses, period and frequency 
are often replaced by the terms pulse repetition time (PRT) and pulse repeti- 
tion frequency (PRF). 
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Example 1-1 What are the PRT and PRF of the rectangular waveform in Fig. 
1-3? 


Solution The PRT is the period of the pulse waveform and is indicated by T 
on the drawing: 


PRT = 6 psec 
The PREF is the reciprocal of the PRT: 


PRE =——— = 166 kHz 


6 psec 


Conversely, an aperiodic waveform is one that does not repeat itself at 
consistent intervals. Aperiodic waveforms are common in digital machines as 
the outputs of circuits switch ON and OFF at the control of the program and 
machine logic. An example of such a waveform is shown in Fig. 1-4. These 
waveforms are not as random as they appear. They vary according to a definite 
pattern which is not repetitive. 


v 
(Volts) 


Time 


Fig. 1-4 Aperiodic waveform. 


Some other examples of aperiodic waveforms are: 


random-noise spikes 
frequency-modulated carrier 
bounce of closing relay contacts 


1-2 TRANSIENTS AND STEADY STATE 


A transient is a temporary situation that occurs when changing from one 
steady-state condition to another. It can happen when equipment is turned on 
and off. It can happen when a sudden load is placed on or removed from a line. 
In fact, transients occur whenever there are abrupt changes in voltage or 
current, whether the changes occur rapidly or slowly. 

The transient actually slows down the transition and generally assumes 
the form exhibited in Fig. 1-1(d) or Fig. 1-1(f). 
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A transient can also be a noise spike, an example of which is shown in 
Fig. 1-2(g), in which the waveform quickly returns to its original steady-state 
level. There can be a similar disturbance of much greater magnitude and 
longer duration due to a surge of current on an input line. For example, the 
starting current of a washing machine motor can cause an appreciable voltage 
drop in the input power line and produce a temporary affect on the television 
picture. After the motor approaches running speed, the steady-state condition 
resumes and the disturbance ends. As a result of conditions like the above, it 
is not uncommon for a waveform to experience a transient and then return to 
the steady-state condition. 

The abrupt change of levels does not have to be a one-shot operation. 
Take the example of the rectangular pulse. Switching between levels is con- 
tinuous and can occur at a rapid rate. No matter how fast the alternations, the 
rectangular pulse is made up of two steady-state or DC levels separated by a 
transient. This transient is called the pulse edge. While in the steady-state 
condition, even if on the order of nanoseconds, the pulse can be analyzed as 
a simple DC voltage or current. The transient, on the other hand, involves a 
more difficult mathematical solution and is a factor in the determination of 
delays and other timing considerations. 


1-3 PULSE MEASUREMENTS 


The pulse has a number of unique measurements, some involving time and the 
others involving magnitude. Since it has the widest usage, the rectangular 
pulse will be used for demonstration. This knowledge, once understood for 
the rectangular pulse, can be applied where necessary to other waveforms. _ 


1-3.1 Rise and Fall Time (t, and t,) 


Figure 1-5(a) shows an ideal pulse in which the positive and negative edges are 
steep vertical steps and the top is flat. Many wide pulses, in the millisecond or 
higher microsecond range, appear this way when viewed on an oscilloscope 
with a relatively slow sweep. However, if the sweep speed were increased, 
expanding the pulse, the edges would show some distortion as in Fig. 1-5(b). 
With a narrow pulse in the higher nanosecond or lower microsecond range, a 
fast sweep speed has to be used to observe the width. As a result, the edges 
will again show some distortion as in Fig. 1-5(c). The distortion is generally 
exponential as indicated in the drawing.’ 

In the real physical case it requires a finite time to get from one level to 
the other. However, looking at Fig. 1-5(b) or 1-5(c), it is difficult to determine 
when the rise reaches the upper level and the fall reaches the lower level due 


*The exponential waveshape is generally due to distributed shunt capacitance. The ex- 
ponential waveform will be discussed in some detail in Chapter 3, while distributed parameters 
will be presented in Sec. 4-4. 


CHAPTER 1 


1-3 Pulse Measurements 7 


(a) (b) 


(c) 


Fig. 1-5 Ideal versus actual pulse. (a) Ideal pulse: wide pulse, slow sweep. (b) Actual 
edges: “ideal pulse,’ fast sweep. (c) Actual pulse: short pulse, fast sweep. 


to the gradual curvature of the transient at those points. This is indicative of 
the exponential waveform, which will be discussed in some detail in Chap- 
ter 3. 

To obtain definite points of measurement close to the full range, the rise 
and fall times are measured at 10% and 90% of the distance between DC 
levels. | 


Example 1-2. Find the rise and fall times of the pulse in Fig. 1-6(a). 


Solution Draw the 10% and 90% lines crossing the transients.’ The rise time 
is the time between the intersection of the rise with the 10% and 90% lines. 


4 =12—1=—11 nsec 


The fall time is the time between the intersection of the fall with the 10% and 
90% lines. 


ty = 65 — 45 = 20 nsec 


Figure 1-6(a) shows one of the levels at ground which is the customary 
situation. If neither level is at ground, the 10% and 90% indicators are still 
taken between the levels, and ground does not effect the measurement. An 
example of this is shown in Fig. 1-6(b). Since the pulse is the same, only sitting 
on —2 V instead of ground, the rise and fall times are the same as in Fig. 
1-6(a). 


> Since the pulse varies from 0 to 5 V, 90% of the variation occurs at 4.5 V. Similarly 10% 
of the variation occurs at 0.5 V. 
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Fig. 1-6 Measurement of t, and t,. 


idth (t,) 


1-3.2 Pulse W 


It is not difficult to measure the width of an ideal pulse [Fig. 1-5(a)]. However, 


5(c), it is obvious that, to be a singular value, the pulse width 


has to be measured at a specified point on the wave. These points are selected 


observing Fig. 1- 


(or midway) between the upper and lower levels. As in the case of 


at 50% 


ground does not effect the measurement unless 


measuring rise and fall times, 


2 


it is one of the levels 


and the 50% does not include any overshoot. 


Example 1-3 Find the pulse width of the pulses in Fig. 1-6. 


CHAPTER 1 1-3 Pulse Measurements 9 
Solution Draw a 50% line midway between the DC voltage levels. 


ty for Fig. 1-6(a) = 50 — 3 = 47 nsec 
ty, for Fig. 1-6(b) = 50 — 3 = 47 nsec 


Pulses can also be negative going. An example is shown in Fig. 1-7 with 
t,, t,, and ¢ indicated. If that pulse appears periodically, as in Fig. 1-8, the 
waveform can also be interpreted as a positive pulse since pulse widths do 
not have to be less than half the period. Either is correct depending upon 
the usage. In the same manner of thinking, the pulse in Fig. 1-3(a) has a 
negative counterpart. However, in this case, a positive-going pulse is generally 
assumed. 


Example 1-4 Using Fig. 1-8: 


. What is the pulse width of the negative-going pulse? 

. What is the pulse width of the positive-going pulse? 

What is the period of the pulse? — 

. What are the rise and fall times of the negative-going pulse? 


aoxvxes 


Solution 


a. Draw the 50% line across the negative-going pulse. 
t, = 38 — 4 = 34 nsec 

b. Extend the 50% line across the positive-going pulse. 
t, = 98 — 38 = 60 nsec | 

c. The period can be measured on the 50% line. 
T = 98 — 4= 94 nsec 


(This is the sum of the pulse widths measured in a and b.) 


v 
(Volts) 


=e NO WO HR WN 





0 2 40 #260 #280 #424100 120 «140 «2160+ «180 ~#©200 


Time (us) 
Fig. 1-7 Negative-going pulse. 
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Fig. 1-8 Narrow negative-going—wide positive pulse. 


d. Draw the 10% and 90% lines. 


t= 45 — 35 = 10 nsec 
tp = 11 —2=9 nsec 


1-3.3 Duty Cycle 


Duty cycle is a well-used expression which relates the pulse width to the total 
period (expressed in percent) 


Duty cycle == (1-1) 


Example 1-5 Find the duty cycle of the following pulses: 
a. Figure 1-3(a). 
b. Negative-going pulse, Fig. 1-8. 
c. Positive-going pulse, Fig. 1-8. 
Solution 
a. t, =2 psec, T =6 psec, duty cycle = 2 x 100 = 33%. 
b. t, =34 nsec, T = 94 nsec, duty cycle = + x 100 = 36%. 
c. t, = 60 nsec, T = 94 nsec, duty cycle = x 100 = 64%. 


Example 1-6 What is the duty cycle of a square wave? 


Solution 


an _ 
T=2 Xt, 9¢, ee 
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1-3.4 Mark-Space Ratio 


The pulse width is often referred to as the mark and the time between pulses 
as the space. The ratio of mark to space (M/S) is another way of expressing 
the relative length of the pulse. Although called a ratio, it is usually expressed 
in percent: 


; Ly 
M/S ratio = T-1, x 100 (1-2) 





where the space equals T —t, 


Example 1-7 Find the mark-space ratio of the pulses listed in Example 1-5. 
Solution 


a. Mark = t, =2 psec, space = T —t, =6—2=4 psec, 
M/S ratio =; Xx 100 = 50% 
b. Mark = t, = 34 nsec, space = T — t, = 94 — 34 = 60 nsec, 
M/S ratio = % x 00 = 57% 
c. Mark = t, = 60 nsec, space = T — t, = 94 — 60 = 34 nsec, 
M/S ratio = 4 = 176% 


Example 1-8 What is the M/S ratio of a square wave? 


Solution The mark is equal to the space. Therefore, M/S = 100%. 


There is considerable similarity between the duty cycle and the M/S 
ratio. They both increase as the pulse width increases with respect to the 
period. The difference lies in the fact that the duty cycle cannot exceed 100%. 
The M/S ratio exceeds 100% when the pulse width is greater than the space 
and can approach a very high number when the space gets small. 


1-3.5 Pulse Amplitude 
The pulse amplitude of a rectangular pulse is the difference in potential 
between the upper and lower DC level. It is the peak-to-peak voltage only if 


there are no overshoots. Overshoot is discussed in Sec. 1-4.1. 


Example 1-9 What are the pulse amplitudes of the waveforms in Fig. 1-9? 
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Fig. 1-9 Pulse amplitude. 


Solution 


a. Upper level = 3 V, lower level = —1.5 V, amplitude = 3 — (—1.5) = 


4.5 V. 

b. Upper level = 1.5 V, lower level = —3 V, amplitude = 1.5 — (—3) = 
4.5 V. 

c. Upper level = 4 V, lower level = ground or 0 V, amplitude = 4 —0= 
4v. 


1-3.6 Droop 


So far, all pulses and spaces have been assumed to be flat once the transient 
passes. This is to be expected of a rectangular pulse and is the general case. 
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However, just as there is distortion of the step resulting in rise time, there can 


be distortion of the DC level resulting in droop. Droop, also called tilt, is more 
evident with wide pulses and occurs quite frequently with pulse transformers. 
Circuits with series capacitance can also produce this effect. A rectangular 
pulse with droop is shown in Fig. 1-10. 
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Fig. 1-10 Pulse with droop. 


1-3.6.1 Effect of Droop on Pulse Amplitude 


Due to the variation in amplitude caused by droop, the pulse amplitude is 
expressed as an average. The average pulse amplitude is 


Vit Vy 
2 


where V, is the amplitude at the end of the rise and V, is the amplitude at the 
beginning of the fall. These voltages are indicated in Fig. 1-10. 


Example 1-10 What is the average pulse amplitude of the pulse in Fig. 1-10? 
Solution V,=4 V, V,=3 V, average pulse amplitude = 5 (4 + 3) =3.5 V. 
1-3.6.2 Percent Droop 


Droop is the variation in the distorted level (V, — V,). It is usually expressed 
as a percentage of the average pulse amplitude. 


\ 


d 
Percent droop = —— 


ave. pulse amplitude 
_\-V, 
3(V2 + Vi) 


(1-3) 


x 100 
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Example 1-11 What is the percent droop of the pulse in Fig. 1-10? 


Solution Droop=3-—2=1 V, average pulse amplitude from Example 
1-10 = 3.5 V, percent droop = 1/3.5 x 100 = 29%. 


1-3.6.3 Effect of Droop on Pulse Width 


As mentioned in Sec. 1-3.2, the pulse width is measured between points 
selected at 50% or midway between the upper and lower levels. However, this 
becomes ambiguous when the upper level droops. To make this value consist- 
ent, the upper level for the purpose of measuring pulse width is assumed to be 
the same average that is used to define the pulse amplitude under conditions 
of droop. See Sec. 1-3.6.1. This 50% indication is shown in Fig. 1-10. 


1-3.6.4 Effect of Droop on Rise and Fall Time 


With a flat pulse top it is easy to define the 90% and 10% points since the DC 
levels are at 0% and 100%. With droop, this definition is obviously more 
complex. 

When rise time is measured, 0% is the lower level and 100% the begin- 
ning of the droop. This is indicated as points A and B in Fig. 1-10 and 
represents the total rise of the waveform. 

There are two methods to determine fall time. The 100% point can be 
at C, the end of the droop, or midway between B and C representing an 
average of the two. The average presents a problem when there is an acute 
droop. The 90% mark will include some of the droop in the fall time. To avoid 
this, the first method will be used here taking the percentage from point C. 


Example 1-12 Find the rise and fall times of the pulse in Fig. 1-10. 


Solution To find the rise time, draw the 90% and 10% marks between B 
and A 


t, = 34 — 30 = 4 psec 
To find the fall time, draw the 90% and 10% sane Beiceh C and the A level 
ts = 91 — 81 = 10 psec 
1-3.7 The Average Voltage of the Waveform* (V4) 


The average voltage of the waveform is the voltage one would measure if the 


*This complies with the interpretation of average as a single value representative of the 
general significance of a set of unequal values. 
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waveform were applied to a DC voltmeter. This is not to be confused with 
average pulse amplitude. Average pulse amplitude applies only to the pulse 
part of the wave. V,,. measures the entire cycle. 

To facilitate making this measurement, the actual waveform is converted 
to the ideal [see Fig. 1-5(a)]. The ideal pulse width comes from the 50% 
measurement while the ideal amplitude is squared off at the computed average 
pulse amplitude. 

To measure V,,. of the ideal rectangular pulse, the waveform is divided 
into two rectangles as in Fig. 1-11(a). Note that the amplitude of each rect- 
angle is measured from ground. The algebraic sum of the two rectangular 
areas produces an area equal to (V, x t,) + (VY; X t,) where V, is minus. This sum 
is equal to a single rectangle, shown in Fig. 1-11(b), in which the time is 
(t, + t,) and the voltage is the average for this interval. Since (¢, + ¢,) is the 
period T, the equality can be expressed mathematically as follows: 


Vave X T = (Vy X tw) + (Vs X ts) 


from which 
: x Tle AG 
View = Kp % fo) FX) (1-4) 
U. 
(Volts) 





200 Time (ns) 





Time (ns) 


(b) 


Fig. 1-11 Measurement of average voltage. 
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where V, is the magnitude of the pulse measured from ground, V, is the 
magnitude of the space measured from ground, t, is the pulse width, and ¢, is 
the space width. V, can be positive or negative. V, can be positive, negative, 
or zero; in Fig. 1-11(a) it is negative. Being measured from ground, V, is the 
pulse amplitude only when V, = 0. 


Example 1-13 What is the average of the waveforms in Fig. 1-11(a)? 


Solution 


VY=4V t, = 40 nsec T = 120 nsec 
Y=-1V t; = 80 nsec 
_ (4X 40) + (=1 x 80) _ 80 


Example 1-14 If the pulse in Fig. 1-10 is periodic with a frequency of 8 MHz, 
what is the average of the waveform? 


Solution 


Soe eee 
P= 9 eM nsec 


Apply 50% marks to obtain pulse width 


ty = 83 — 31 =52 psec 
t, = 125 —52 =73 usec 


V,=24=25V 
V=EAyV 

2.5 x 52)+(-1X 73) 130- | 
og COO) 08 ae 


125 125 


If the space is at ground, V,=0, Eq. (1-4) becomes 


V, X ty 
we = duty cycle x V, (1-4a) 





1-4 RINGING 


As previously mentioned in Sec. 1-3.1, the rounding off of the exponential 
transient is generally due to distributed shunt capacitance between the con- 
nections and ground. The addition of distributed series inductance and the 
application of a very sharp step will result in a resonance called ringing. An 
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example of a pulse with ringing is in Fig. 1-12. Close examination of the 
ringing shows that the waveform is a damped sine wave which oscillates 
around the DC level. Damping occurs rapidly, and unless the pulse is very 
short, the ringing will die out leaving the waveform to approach the DC level. 

With a short pulse, 100 nsec or less, the ringing usually occupies the 


entire width. Unfortunately, a short pulse requires the sharp rise time which 
initiates oscillations. 


1-4.1 Overshoot 


Overshoot is a measure of the severity of the ringing and is calculated as a 
percentage of the change in DC level 


Vm — AV, 
Percent overshoot = = 


ye ee 


(1-5) 


where v,, is the maximum instantaneous voltage variation going from one level 
to another and AV; = max DC level — min DC level. 


Example 1-15 What is the percent overshoot of the pulse in Fig. 1-12? 


Solution For the positive overshoot 


Vm = 6.5 -0= 6.54 V 
AV, =5-0=5V 





















Percent overshoot = —-— 5 x 100 = 30% 
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Fig. 1-12 Ringing and overshoot. 
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For the negative overshoot 


vm =5—(—-1.5) =6.5 V 
AV,=5-0=5V 


Percent overshoot = 22 a = 30% 





1-4.2 Rise and Fall Time of Ringing Circuit 


In addition to overshoot, the damped sine wave has an effect on the leading 
and trailing edges of the pulse. Notice in Fig. 1-12 that the rise and fall start 
gradually and then move rapidly between the 10% and 90% points. This gives 
a small delay before a short rise or fall time. 


Example 1-16 Find the rise and fall time of the pulse in Fig. 1-12. 
Solution Using the 10% and 90% intersections 


t, = 40 — 20 = 20 nsec 
t: = 650 — 635 = 15 nsec 


Measurement on a oscilloscope would be facilitated with a faster sweep time. 
1-4.3 Ringing and Droop 


There can be droop on a ringing pulse. This frequently occurs when using a 
pulse transformer. To determine average pulse amplitude and percent droop 
under these circumstances, the tilted level is projected through the average of 
the ringing. With this projection calculations are made as if no ringing were 
present. 


Example 1-17 Find the average pulse amplitude and percent droop of the 
pulse in Fig. 1-13. 


Solution By projecting the tilted level through the average of the oscillations, 
the 100% point can be assumed to be A on the leading edge and B on the 
trailing edge 


Vat Va _3.142,9 
a 2 


Via — Ve Sef 29 
ave. pulse amplitude ee 


Ave. pulse amplitude = =3.3 V 


Percent droop = x 100 = 24% 
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Fig. 1-13 Ringing and droop. 


SUMMARY 


A pulse is characterized by abrupt changes in voltage or current and a 
return to a given value for an indeterminant interval of time. 

A step is an abrupt change in a voltage or current level in either direction. 

A pulse waveform is periodic if the pulses recur at equal intervals. 

A pulse waveform is aperiodic if the pulses do not recur at equal inter- 
vals. 

The pulse repetition time (PRT) is the period of a periodic pulse wave- 
form. 

The pulse repetition frequency (PRF) is the number of pulses of a peri- 
odic waveform per second. 

A rectangular pulse has high and low DC levels separated by positive and 
negative steps. 

The steps of the rectangular pulse waveform are referred to as edges. A 
rectangular pulse is distorted when the edges are not vertical or the levels are 
not flat. 

A transient is the waveform between steady-state conditions. With a 
pulse it is the waveform of the edges plus any variation of the levels before they 
reach a definite trend. 

Rise time t, is the time for the positive-going edge of a pulse to move from 
10% to 90% of the distance between the upper and lower levels. 

Fall time t;is the time for the negative-going edge of a pulse to move from 
90% to 10% of the distance between the upper and lower levels. 

Pulse width t, is the duration of the pulse measured midway between the 
upper and lower levels (called 50% points). 

Duty cycle is the ratio of the pulse width to the period, usually expressed 
in percent. 
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Mark is another name for the time duration of the pulse. It is numerically 
equal to the pulse width. 

Space is the time between pulses. The mark plus the space is equal to the 
period. 

Pulse amplitude is the voltage or current of the upper level of a pulse as 
measured from the lower level. (If the levels of measurement were reversed, 
a negative pulse amplitude would result. ) 

Droop is the amount of descent of the instantaneous pulse amplitude 
between the edges of a pulse. 

The average voltage of the waveform is as the name implies. It differs 
from the average pulse amplitude in that it is evaluated over the entire cycle 
whereas the latter is evaluated over the pulse alone. 

Ringing is an oscillation which is superimposed on the upper or lower 
level immediately after the edge. It is caused by the resonance of capacitance 
and inductance in the circuit and is evident when there is a rapid change of 
input. 

Overshoot is the maximum amount the ringing exceeds the level on 
which it is superimposed. | 


PROBLEMS 


1. Name five simple waveshapes which can be used to formulate pulses. 

2. Construct the following pulses and name the components which constitute 
them: 
a. Noise spike. 
b. Square wave. 
c. Square wave with edge distortion. 
d. Square wave with ringing. 
e. Trapezoidal wave. 
f. Sawtooth. 

a. What is the difference between a transient and a steady-state con- 
dition? 

b. Identify the transient and steady-state components of the pulses in 
problem 2. 

4. What is the difference between a periodic and an aperiodic pulse? 

5. Why are 10% and 90% points used to measure the rise and fall time of a 
pulse if the edge is an exponential? 

6. Find the following for the pulse in Fig. 1-14: 

. Rise time. 

. Fall time. 

» Pulse width. 

. PRT (pulse repetition time). 

. PRF (pulse repetition frequency). 

Average pulse amplitude. 
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g. Percent droop. 
h, DC value. 
i. Duty cycle. 
7. What causes the exponential distortion on the edges of a rectangular 
pulse? 
. What causes ringing and overshoot on the edge of a pulse? 
Find the following for the pulse in Fig. 1-15. 
a. Rise time. 
b. Fall time. 
c. Pulse width. 
d. Percent overshoot. 
e. Frequency of ringing (on upper level). 
10. a. Redraw the pulse in Fig. 1-15 with 1 V of droop. 
b. Find average pulse amplitude. 
c. Find percent droop. 


Vo 0 


VU: 
(Volts) 5 


1200 





Time (ns) 
Fig. 1-15. 


Frequency Domain Analysis 


When a pulse passes through a network made up of a resistance and capaci- 
tance, or resistance and inductance, the waveshape of the pulse will change. 
The new waveshape can be analyzed in either the frequency domain or in the 
time domain. 

In the time domain actual waveforms are determined. The waveform is 
a variation of voltage or current with time. For many waveforms this is a 
complicated mathematical expression. However, an overwhelming number of 
inputs are steps or rectangular pulses which yield exponential outputs after 
passing through the network. These cases can be solved in simple RL and RC 
networks by applying the exponential equation and its associated time con- 
stants. Chapters 3 and 4 include this procedure. 

In the frequency domain a periodic input pulse train is broken down into 
a series of sine waves. Using the principle of superposition, the circuit re- 
sponse for each sine wave is determined independently. The sum of these 
independent sine waves will then give the actual waveform of the response. 
The term analysis is applied to the formation of the sine wave series. The 
addition of the sine waves to obtain a single waveform is called synthesis. The 
rest of this chapter will be devoted to the frequency analysis of a pulse and the 
network response. 


2-1 HARMONICS 


22. 


Every periodic function, including pulses, can be expressed as a summation of 
sine waves called a Fourier series. The frequency of each sine wave is a 
multiple of the frequency of the function. The amplitude of each sine wave is 
different and generally gets smaller’ as the frequency increases. 

Expressed mathematically, 


"There are some special waveforms where certain harmonics are ‘“‘emphasized.’’ However, 
these unique cases will not be considered here. 
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v = Voc t+ Aisin(wt + 0,) + A2sin(2wt + 62) 
+ A3sin(3wt + 63):++ + A,sin(not + 6,) (2-1) 


where v is the periodic function which varies with time t; Voc is the DC 
component or average value of v (this can be zero); w is 27 times the frequency 
of the function or 277f; A,, Az, A3, and A, are coefficients which represent the 
peak values of their respective sine waves; 0,, 82, 03, and 8, are the phase angles 
the sine waves make with time zero of the function.’ 

The term A; sin(wt + 6,) has the same frequency as the function and is 
called the fundamental. The other sine waves are called harmonics. The 
number just before w? in the expression multiplies the fundamental frequency 
and determines the order of the harmonic. For example, A2sin(2wt + 0) has 
a frequency twice that of the fundamental and is called the second harmonic. 
Similarly, A3sin(3wt + 63) is the third harmonic, and so on. The continuation 
is expressed as A,sin(nwt + 0,) where n represents the multiple of the funda- 
mental frequency and designates the nth harmonic. 


2-1.1 Half-Wave Symmetry 


If a line is drawn through the average value of the wave, there will be positive 
and negative variations above and below this value. If the positive and nega- 
tive variations are symmetrical, the waveform is said to have half-wave sym- 
metry. Examples of half-wave symmetry are the square wave, sawtooth, and 
triangular waveforms. These waveforms have odd harmonics only, and the 
harmonics have no phase shift. The Fourier series of a square wave with no DC 
component is 


A A A 
v = Asin of + "sin 3f + = sin Seth ++ = sin not (2-9) 


where A; is the coefficient of the fundamental and equal to (4/7)E,. E, is the 
peak voltage of the square wave. n is an odd number. Note the absence of even 
harmonics and phase shift. 


2-1.2 The DC Component 


As mentioned, the square wave function in Eq. (2-2) has no DC component. 
This means the square wave has equal positive and negative levels. If the 


*Inft = 2nt /T, where T is the period of the function. t/T is a fraction which, when 
multiplied by 27 radians (or 360°) gives an angle. For each frequency this angle is multiplied by 
n. The instantaneous value of each sine wave is proportional to the sine of an angle made up of 
this multiple plus 9. 
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square wave is to be a positive pulse, a DC component equal to E, is added 
to the equation. Any waveform can be moved up and down by changing the 
DC component of the equation while leaving the harmonics the same. 


2-1.3 Convergence 


As mentioned in the beginning of.this section, the amplitudes generally get 
smaller as the frequency of the harmonic increases. This is called convergence. 
Due to convergence, higher harmonics can become negligible. For example, 
the 25th harmonic of the square wave is A;/25 or 4% of the fundamental. 

Functions converge at different rates. This can be seen from the analysis 
of the triangular waveform 


A A A 
y = A;sin wt + > sin 3wt + 5 sin Sot:++ + —7 sin not (2-3) 


With this waveform all harmonics beyond the fifth are less than 4% of the 
fundamental. 

Some waveforms converge very slowly. For example, the monochrome 
video signal and chrominance subcarrier in television have appreciable re- 
sponse from harmonics on the order of 200. 


2-1.4 Distortion and Emphasis 


This subsection is to give the reader a better appreciation of harmonics by 
diverting from pulses and observing their effect on audio signals. 

If a sine wave in the audio band is applied through an amplifier stage to 
a speaker, the characteristic tone of that frequency will be heard. Now if the 
amplitude of the sine wave is increased until the amplifier clips the signal, the 
sound will not only have the original tone but will pick up a higher pitch in 
addition. These higher tones are harmonics produced by the distortion of the 
fundamental. Any distortion of a signal adds harmonics to the waveform. 

Not all harmonics produce undesirable results. A proper blending of 
harmonics can produce the unique and pleasant sounds of music. This is done 
naturally by the instrument and can be simulated electronically. 


2-1.5 The Rectangular Pulse 


The square wave is a rectangular pulse with a 50% duty cycle. Note from Eq. 
(2-2) that every even or second harmonic is zero. If the pulse has a 25% duty 
cycle, solution of the coefficients will show every fourth harmonic to be zero. 
Similarly, every tenth harmonic is zero when the pulse has a duty cycle of 10%. 
As a result, the harmonic content increases with shorter duty cycles. 
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Example 2-1 
a. Synthesize the first seven harmonics of a +5-V square wave. 
b. Explain the waveshape. 
c. What part of the square wave will be attributed to the higher har- 
monics? 


Solution 


a. The coefficients of the fundamental and harmonics are 


PCG ema me sc 
TT T 

A,=0 As= Aj/5 

As=Ai/3 Ag=0 

A,=0 A,=A,/7 


The fundamental and odd harmonics are drawn in Fig. 2-1. Figure 
2-2(a) shows the sum of the fundamental and third harmonic. Figure 
2-2(b) shows the addition of the fifth harmonic. Figure 2-2(c) shows 
the addition of the seventh harmonic. 

b. The peak of the fundamental is greater than the peak of the square 
wave. The addition of the harmonics reduces the peak and builds up 


Fundamental 


v 
(Volts) 
5th Harmonic 


3'4 Harmonic 


A\ AW [/\ ZA (NON 
PORE ORY = 
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Fig. 2-1 Fundamental, third, fifth, and seventh harmonics of a square wave. 
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the waveform where the fundamental is low. This makes the top of 
the wave flatter approaching a square wave as the harmonics increase. 


c. The higher harmonics fill in the square wave at the edges improving 
the rise and fall times. 


U 
(Volts) / 


Time 


(a) 





(b) 


Fig. 2-2 (a) Sum of fundamental and third harmonics. (b) Sum of fundamental, third, 
and fifth harmonics. (c) Sum of fundamental, third, fifth, and seventh harmonics. 
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U 
(Volts) q 


Time 


(c) 


Fig. 2-2 (continued) 


2-2 FREQUENCY RESPONSE, CUTOFF, AND BANDWIDTH 


The previous section discusses the input pulse in terms of sine waves. This 
section discusses the frequency response of the circuit to which the pulse is 
applied. The combination of the two determines the output signal. 


2-2.1 Frequency Response Curve 


All circuits contain distributed shunt capacitance’ across the load resistance. 
An example of this is in Fig. 2-3(a) where the distributed capacitance is C,. 
The driver is shown as either a voltage or current source with internal re- 
sistance R,. In either case the shunt reactance decreases as the frequency 
increases and current is shunted around the load. With a voltage source the 
additional current causes a drop in R,, lowering the output voltage across the 
load. With a current source the output voltage decreases because the current 
through the capacitance leaves less available to pass through the load re- 
sistance. This type of circuit is often called a low-pass filter and the response 
curve is shown in Fig. 2-3(b). 

Occasionally a bypass capacitor is inserted between the generator and 
the load, to keep the load from effecting the DC bias of the driving stage. An 
example of this is shown in Fig. 2-4(a) where the driver is represented by a 


3Section 4-4 gives more detail on the subject of distributed capacitance. 
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Fig. 2-3 Effect of distributed shunt capacitance—low-pass filter. (a) Equivalent circuits. 


(b) Response curve. 
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voltage source with internal resistance R,. As the frequency decreases, the 
reactance of the capacitor C, increases. Since this reactance is in series with the 
load resistance, the output voltage decreases when the frequency falls. This 
effect can be called a high-pass filter and has a response curve represented in 
Fig. 2-4(b). 

In practice, a circuit with series capacitance also has shunt capacitance 
since the distributed capacitance is always present. Figure 2-5 shows the circuit 
for this condition along with the response curve which falls off on both ends. 
This is called a bandpass filter. 

Notice that the horizontal scale of all these response curves is loga- 
rithmic. This allows the curve on the low-frequency end to expand without 
requiring an x axis of impractical length to contain the high frequencies. 





(a) 


0.707 = —3 dB 
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Fig. 2-4 Effect of series capacitance—high-pass filter. (a) Equivalent circuit. (b) Re- 
sponse curve. 
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The response curves have up to three regions: 
The flat portion called the mid-frequency region; 
The fall off in the high-frequency region; 

The fall off in the low-frequency region. 


2-2.2 ye and f, 


fu and f, are points which separate the three frequency regions. They are 
appropriately termed the high-frequency cutoff and low-frequency cutoff. The 
selection of these points is unique. The following happens at f;, and f;: 





(a) 
dB Ratio 
0 1.0 
=| 0.9 
—2t 08 
0.707 =—3 dB 
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—10 03 | High-frequency region 
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- : | 
0.0 Log frequency 
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Fig. 2-5 Series and shunt capacitance—bandpass filter. (a) Equivalent circuit. (b) Fre- 
quency response curve. 
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The resistance and reactance are equal. 
The output voltage is 0.707 of its value in the mid-frequency range. 


The output power is 0.5 of its value in the mid-frequency range. (fy and 
fx are sometimes referred to as the half-power points.) 


The phase angle between the output voltage and the voltage source is 
45°. 

The phase angle between the current source and the current through the 
resistive load is 45°. 


The above relationships can be demonstrated from vector diagrams. This is 

done for the benefit of the curious in Appendix A. This appendix also includes 

expression of the voltage and power ratios in decibels. Since both ratios are 

—3 dB (a 3-dB loss), fy and f, are also referred to as the 3 dB points. 
Since at cutoff the resistance and reactance are equal, 


1 


eee 


P 


where C, is the shunt capacitance and R, is the parallel combination of the 
load and generator resistance (see Fig. 2-3). As a result, 


1 
Ju FERC, — 
Similarly, 
1 
ft = FRG (2-4b) 


where C, is the series capacitance and R, is R, + R,, the sum of the load and 
generator resistance (see Fig. 2-4). 


2-2.3 Bandwidth 
The spread of frequencies between f;, and fy is referred to as the bandwidth 
Bandwidth Af = fx — fr (2-5) 


In most cases a pulse is transmitted by direct coupling without the series 
capacitance. As a result, transmission is via a low-pass filter owing to the 
distributed shunt capacitance, and the bandwidth is equal to fi. 

When the series coupling capacitor is added as in Fig. 2-5, low-frequency 
cutoff f; is generally 1 kHz less. Since fy is usually 100 kHz or higher, the 
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bandpass is quite broad. Subtraction of f, from fy is insignificant and the 
bandwidth is approximately equal to fr. 

Since the conditions mentioned immediately above are predominant 
in this text, the term bandwidth will not include f,. This practice is not 
uncommon.” 


Example 2-2 
a. What is the bandwidth when 50 pf is shunting a parallel resistance of 
10K? 
b. Will the bandwidth increase or decrease if the parallel resistance is 
decreased? 


Solution 


a. In Fig. 2-3 there is no series capacitance. Therefore, 


1 
Bandwidth = fu = 27R,C, 
_ 1: 
Wn X 10 X 10° x 50 x 10°” 
= 318 kHz 


b. Resistance being in the denominator, a decrease will increase the 
bandwidth. 


From Eq. (2-4a), it can be seen that the load resistance increases the 
bandwidth when it becomes smaller. This relationship will be an important 
factor in the determination of rise and fall time and speed of operation to be 
discussed later. 


2-3 HIGH-FREQUENCY CUTOFF AND RISE TIME 
2-3.1 Filtering Out Harmonics 


Observe in Fig. 2-3(b) the fall off of the response curve in the high-frequency 
region. This means that the higher-frequency components of the output be- 
come attenuated. Since the attenuation increases with frequency, the higher 
frequencies of the input have a diminishing impact upon the output. 


*«“For older instruments, specifications cited both a low and high —3 dB point. Modern 
instruments, however, have a relatively flat response down to 0 Hz (DC), so only the upper 
number is quoted as the bandwidth”—from The XYZ’s of Using a Scope, published by Tektronix, 
Inc. 
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Since there is separation between harmonic frequencies, it is sometimes 
assumed that frequencies below fj}; are passed and frequencies above f, are 
filtered out. This is an oversimplification which is not completely true. How- 
ever, it is a step in understanding the effect of the high-frequency region and 
Examples 2-3 and 2-4 below employ this assumption. 


Example 2-3 If a square wave with a frequency of 10 kHz is passed through 
a network with a bandwidth of 75 kHz, assuming complete filtering above fy, 


a. How many harmonics will be passed? 
b. What will be the appearance of the distorted output pulse? 


Solution 


a. The network will pass up to the seventh harmonic. 
b. The distorted waveform will look like Fig. 2-2(c). 


Example 2-4 What happens to the output pulse in Example 2-3 if the band- 
width is reduced to (a) 55 kHz and (b) 35 kHz? 


Solution 


a. With fy = 55 kHz, the network will pass up to the fifth harmonic and 
the output pulse will look like Fig. 2-2(b). 

b. With fy = 35 kHz, the network will pass up to the third harmonic and 
the output pulse will look like Fig. 2-2(a). 


2-3.2 Effect of Higher Harmonics 


Note in Fig. 2-2 that the rise time improves with each additional harmonic. If 
further harmonics are added, this improvement will continue. As pointed out 
in Example 2-1, it is the higher harmonics which give a rectangular pulse its 
sharp edges. This is understandable if you look at the harmonics in Fig. 2-1. 
Note that the slope of each wave gets steeper as the frequency increases. 
Summarizing, higher harmonics have a faster rate of change, which con- 
tributes to the squaring of the pulse edges. 

Since a high fy allows more harmonics to pass with insignificant attenu- 
ation, it allows a faster rise time. The same analysis also applies to fall time. 
This relationship can be represented quantitatively as 


i= 0.35/fx and [= 0.35/fr (2-6) 


Proof of this relationship is made from a time domain analysis in Sec. 3-5.3. 
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Example 2-5 What bandwidth is needed to pass the pulse in Fig. 1-6(a)? 


Solution The bandwidth effects the rise time and fall time. The required rise 
time is 12 nsec; the required fall time is 20 nsec. If the bandwidth passes the 
rise time of 12 nsec, it will certainly pass the fall time of 20 nsec. The required 
bandwidth is therefore, 


pp 2259 wine 





~ 12 nsec 


Example 2-6 What bandwidth is required in Example 2-5 if the fall time is 
reduced to 8 nsec? 


Solution 


0.35 
8 nsec 





f= = 44 MHz 


Example 2-7 ‘The Tektronix Model T932A oscilloscope has a bandwidth of 35 
MHz. What is the fastest rise and fall time which will appear on the screen? 


Solution 


0.35 


35 MH 10 nsec 


i= i 


Example 2-8 If the shunt capacitance across an input resistance of a circuit 
is 60 pF and a maximum rise time of 100 nsec is desired at the input, what is 
the maximum value of the resistance? 


Solution 


_ MAS ..- 
ln 100 nsec — 3.5 MHz 


R=X at fu. 
Therefore, 


1 1 


ROC In X35 X10°X 60 X 10-2 


= 738 O 


Example 2-9 What will happen in Example 2-8 if the resistance is higher than 
the calculated value? 
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Solution 


] 
fu= TRE from Eq. (2-5) 


If R increases, the bandwidth decreases. When the bandwidth decreases, the 
rise time gets longer, and it will not be possible to get the desired rise time of 


100 nsec. 


2-3.3 Bandwidth and Pulse Width 


Since the rise and fall time gets shorter, a pulse of a given width will square-up 
as the bandwidth increases. As a result, there is a relationship between the 
bandwidth and pulse width that is indicative of the pulse shape. For example, 
transposing Eq. (2-6) and multiplying the numerator and denominator by 3 
will give 


ta 1/3t, 


If the pulse width is three times the rise time, the pulse will look like Fig. 
2-6(a) and 


fa~1/ty 
By further application of algebra 
fu = 2/6t,=2/ty 
where the pulse width is six times the rise time as shown in Fig. 2-6(b). 


A relationship between bandwidth and pulse width can be obtained 
where 


fu = n/ ty (2-7) 


Figures 2-6(c) and 2-6(d) show the result when n is 3 and 5, respectively. As 
n increases, the bandwidth increases and the pulse squares-up. 


Example 2-10 What are the ratios of the rise and fall times to the pulse width 
when 


a. fu =1/ty; 
b. fa =3/ty; 
Cc. fu=5/t,. 
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(Cc) (d) 


Fig. 2-6 Pulse width versus bandwidth. 





Solution 
0.35 0.35 _ | 
0.35 0,35 | | 
b. L== fu = 3 7p. — 9-1etw 5 
0350.35 
| ae L as i= fu ai 5/t, — 0.072, ° 


Compare the results of this example to the pulses in Fig. 2-6. In Eq. (2-7) 
n is the product of bandwidth and pulse width. As exhibited in Fig. 2-6 and 
Example 2-10, this quantity expresses the shape of the pulse. If this product 
is to be maintained, it will take a wider bandwidth to maintain the shape of a 
pulse as the pulse width decreases. 


Example 2-11 


a. What is the product of the pulse width and bandwidth if the rise and 
fall times are to be 0.1 of the pulse width? 

b. For this ratio of rise time to pulse width find the bandwidth to pass a 
50-nsec pulse. 
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Solution 
a. mendes R= t0x2=22 
tu H 
Therefore, the pulse width-bandwidth product (t,, x f;) is 3.5. 


. SS. 
b. fu = =p, = 70 MHz 


2-3.4 Combined Rise Times 


Thus far in calculating rise times, an ideal rectangular input pulse has been 
assumed. By ideal, we mean that the steps have zero rise and fall time. This 
is, of course, not realistic. All pulse sources have some rise and fall time. If 
the rise time of the source is appreciable, a circuit which has a specified rise 
time with an ideal input will find this time increased. The actual rise time will 
be 


= \ (fs)° ea (Ge) (2-8) 


where £,, is the rise time of the source and £,, is the rise time of the output pulse 
when the input has zero rise time. 


Example 2-12 A pulse generator emits a pulse with a rise time of 50 nsec. 
This pulse is observed with an oscilloscope with a bandwidth of 25 MHz. What 
is the rise time of the pulse as it appears on the screen? 


Solution 


0.35 0.35 


Ls =“—, 95 Mb nsec 


This is the minimum rise time observed on the oscilloscope with “zero step”’ 
input. Using Eq. (2-8) | 


t, = V (tes) + (bre)” 
= V (50)? + (14)? = 52 nsec 


2-4 LOW-FREQUENCY CUTOFF AND DROOP 


There is a relationship between droop and low-frequency cutoff which is 
expressed as 


Droop = 2nd 4 E, (2-9) 
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where d is the duty cycle, fis the PRF, f7 is the low-frequency cutoff, and E, 
is the peak voltage of the output pulse. 

This formula is derived in Sec. 3-6.2 by applying Eq. (2-4b) in a time 
domain expression containing the time constant RC. It is referred to in that 
chapter as Eq. (3-20). 


Example 2-13 A square wave with a period of 500 psec is passed through a 
Q.1-wF capacitor to an instrument with an input impedance of 10K. Find the 
ratio of the droop to the peak of the output pulse. 


Solution The circuit is as shown in Fig. 2-4 substituting a square wave 
generator 


a Sees 1 - 
lL eRC On MIOKXOL PE 
fea=a 
~ T 500 psec 


d=50% (square wave) 


=2kHz or 2000 Hz 


From Eq. (2-9) 


Droop _ 2a x 50 x 159 


E, 200022 
Example 2-14 What is the f;, of the pulse in Fig. 1-10 if the frequency is 
4 kHz? 
Solution 


_1__il 

T= f  4kHz 250 wsec 
ty = 83 — 31 =52 psec 
_ fy _ 52 _ 

= 7 = 759 X 100 = 21% 


FE, =4 V, (measured from the lower level) 
Droop =3-2=1V 


Using Eq. (2-9) 


Droop fi 
——— =7 d ‘Mors 
E, “" f 
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and 


_f1\ 4kHz _ 
fu= ) ee 0ot 


Equation (2-9) can be rewritten 
Droop = 2ndTf, E, 


where T is the period of the pulse. Since the duty cycle times the period gives 
the pulse width [refer to Eq. (1-1)], 


Droop = 2tt, fi E> (2-10) 


From this it can be seen that the droop can be minimized with a low cutoff 
frequency and that it is naturally less for short pulse widths. 


Example 2-15 What f;, would be necessary in Example 2-13 to reduce the 
droop to 10% of the peak voltage? 


Solution In Example 2-13 f; = 159 Hz and the droop is 25% of E,. Since the 
droop to peak is directly proportional to f; [Eq. (2-10)], 


(fr)’ = 10% 
159 25% 








where (f,)’ is the new value of low-frequency cutoff. Solving the proportion, 


, _ 10 a 
(fi)' = 5¢ x 159 = 67 Hz 


Example 2-16 What would the ratio of droop to peak voltage be in Example 
2-13 if the pulse width were reduced to 100 psec? 


Solution In Example 2-13 the ratio of droop to peak voltage is 25% and the 
pulse width is 50% of the period or 250 wsec. Since the ratio of droop to peak 
voltage is directly proportional to the pulse width [Eq. (2-10)], 


sais 
Ratio = 75() xX 25= 10% 
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SUMMARY 


Every periodic function can be broken down into a series of sine waves 
called the fundamental and the harmonics. The fundamental has the same 
frequency as the function. The harmonic frequencies are multiples of the 
fundamental. 

A frequency response curve is the variation of an output with frequency 
assuming the input is consistent with frequency. 

The mid-frequency region of the frequency response curve is relatively 
flat and exhibits the greatest amplitude. | 

The high-frequency region is that part of the frequency response curve 
where the amplitude is appreciably decreasing as the frequency increases. 

The low-frequency region is that part of the frequency response curve 
where the amplitude is appreciably decreasing as the frequency decreases. 

High-frequency cutoff (fi) is the frequency at which the output falls 3 dB 
and which divides the high- and mid-frequency regions. It is also called a half- 
power point. At this frequency the total parallel resistance and reactance are 
equal and fy is numerically expressed as fy = 1/27R, C,. 

Low-frequency cutoff (f,) is the frequency at which the output falls 3 dB 
and which divides the low- and mid-frequency regions. It too is a half-power 
point. At this frequency the total series resistance and reactance are equal and 
fr, is numerically expressed as f, = 1/27R, C,. 

A low-pass filter only attenuates high frequencies while passing the rest, 
including DC. f;, =0 Hz. 

A high-pass filter has an infinite f,, and only attenuates low frequencies 
while passing the rest. 

A bandpass filter attenuates frequencies on both ends of the response 
curve while passing the middle frequencies. 

Bandwidth is the frequency spread between the high- and low-frequency 
cutoff. Since in the transmission of pulses f;, is either DC or much less than fy, 
the bandwidth is usually equal to or approximately equal to fy. 

As the bandwidth increases, higher harmonic frequencies are passed and 
the rise time gets shorter. Numerically, the rise time t,= 0.35/fy. The same 
applies to fall time. 

Owing to the improvement in rise and fall time a rectangular pulse 
Squares-up, or becomes less distorted, when the bandwidth increases. Numer- 
ically, fy =n/t, with the pulse becoming more ideal as n increases. 

The rise time of a circuit is expressed assuming an ideal rectangular pulse 
input. [f the input pulse has a rise time, the overall rise time is equal to the 
square root of the sum of the squares of the rise times of the circuit and the 
input. The same also applies to fall time. 

The low-frequency cutoff effects the droop. As fr, increases, the droop 
becomes more pronounced. Numerically, the droop is directly proportional to 
the low-frequency cutoff. If a circuit passes DC (f; =0), there is no droop. 
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PROBLEMS 


wm d& Ww NHN == 


12. 


13. 


14. 


15. 


16. 


17. 
18. 


. What is the difference between the frequency and time domain? 

. What are harmonics and what type of waveforms contain them? 

. What is harmonic analysis? 

. What is harmonic synthesis? 

- In a triangular wave, what is the ratio of the amplitude of the seventh 


harmonic to the amplitude of the third? What is the ratio of their fre- 
quencies? | 


. If a square wave has levels of +5 and 0 V, what is (are) the following? 


a. DC component. 

b. Peak of the fundamental frequency. 
c. Peak of the fifth harmonic. 

d. Peak of the eleventh harmonic. 


. What is half-wave symmetry? How does this affect the harmonic content 


of a wave? 


- Which harmonics are zero if the duty cycle is 50%? Repeat for duty cycles 


of 25%, 10%, and 5%. 


. What part of a rectangular pulse is attributable to the higher harmonics? 
. Why does the frequency response curve of a circuit fall off at high fre- 


quencies? Repeat for low frequencies. 


- A 10-mA sine wave current source with high output impedance drives a 


device which has an input resistance of 5K. What are the following at 

high-frequency cutoff? 

a. The input voltage to the device. 

b. The power consumed in the 5K resistance. 

c. The phase angle between the current source and the current flowing 
into the 5K resistance. 

d. The reactance of the distributed shunt capacitance. 

What is the shunt capacitance in problem 11 if the upper 3-dB point occurs 

at 2 MHz? 

What is the capacitance in series with the generator in problem 11 if the 

low-frequency cutoff is 800 Hz? (A current source will produce the same 

fi conditions as a voltage source.) 

Using the data in problems 12 and 13, what is the approximate band- 

width? Why is f, neglected in the approximation? 

What is fy in problem 11 if the shunt capacitance remains as calculated in 

problem 12 and the input resistance is increased to 7.5K? 

Should the resistance be increased or decreased to increase the band- 

width? 

If the bandwidth decreases, what part of a rectangular pulse deteriorates? 

a. If a 1-kKHz square wave is impressed on a circuit with a bandwidth of 
2 MHz, how many harmonics are passed? 

b. Repeat problem 18a if the frequency is increased to 10 kHz. 
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19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 
28. 


29. 


30. 


31. 


c. What are the rise and fall times of both pulses above? 

d. Why does the lower-frequency square wave need more harmonics to 
achieve the same rise time? 

If the bandwidth in problem 18a begins to reduce, what will happen to the 

square wave? 

What will be the appearance of the output pulse in problem 18a if the 

bandwidth is reduced to 6 kHz? Hint: Find the rise time. 

A pulse has a rise time of 60 nsec and a fall time of 50 nsec. What 

bandwidth is needed to pass the pulse? 

a. If an oscilloscope has a bandwidth of 25 MHz, what is the shortest rise 
time which will appear on the screen? 

b. What rise time will appear on the screen if the input pulse has a rise 
time of 20 nsec? 

What oscilloscope bandwidth is necessary to limit a 20-nsec rise time pulse 

to 30 nsec? 

A zero rise time pulse is impressed across a 3.3K resistance and a rise time 

of 200 nsec is observed. What is the value of shunt capacitance? 

To limit the rise time in problem 24 to 100 nsec, should the resistance be 

increased or decreased? 

A pulse with a width of 500 nsec is passed through a circuit with a 

bandwidth of 4 MHz. What is the ratio of the pulse width to the rise time? 

What happens to a pulse as the bandwidth increases and why? 

If the rise time is 0.2 of the pulse width, what is the product of the pulse 

width and bandwidth? 

A capacitance is in series with a pulse source and a load resistance. Will 

the response fall off in the low or high end of the frequency band? Why? 

If in problem 29 the pulse has a duty cycle of 70%, the capacitance is 

0.1 wF, the resistance is 2.2K, and the PRF is 20 kHz, what is the ratio of 

the droop to peak voltage of the pulse? _ 

a. Is droop more severe at high or low frequencies; wide or narrow pulse 
widths? 

b. Will the droop increase or decrease if the capacitance is increased? 
Why? 


RC Circuits 


This chapter deals with the voltages and currents in a series resistance- 
capacitance circuit when the circuit is energized by a rectangular pulse source. 
The voltage and current variation are analyzed in the time domain, that is, 
they are expressed as direct relationships with time. Key to the analysis is the 
exponential function which utilizes the circuit time constant. Long time con- 
stants yield much different waveforms from short time constants, making the 
time constant an important factor in the circuit response. 

Knowledge of the performance of a pulsed RC circuit can be instrumen- 
tal in the understanding of distortion, pickup, speed of operation, and the 
creation of triggering spikes. The words differentiation and integration are 
used in this study since, under certain conditions, the circuit performance 
relates to these mathematical functions. 


3-1 CHARGING THE CAPACITOR 


When a step voltage is impressed across an RC circuit as represented by Fig. 
3-1, current flows into the capacitor and charges it to the applied voltage. 
Since charge accumulates from current flowing for an interval of time, it takes 
time for the capacitor voltage to build to its final value: 


‘ic 


it 
=¢ (3-1) 


QI 


where Vc is the instantaneous voltage across the capacitor, g is the instanta- 
neous charge, 7 is the instantaneous current, tis the time of current flow, and 
C is the capacitance. 

Since the charging current is proportional to the difference in potential 
between the applied voltage and the voltage across the capacitance, it gets 
smaller as the capacitance charges: 


EE — Ve 
R 


i= 


(3-2) 
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Fig. 3-1 RC circuit with step input. 


where / is the charging current, F is the applied voltage, vc is the voltage across 
the capacitance, and R is the series resistance. With the charging current 
decreasing with time, the capacitor voltage increases at a decreasing rate. 
As a result of the above relationships, there are two significant variations 
with time. The capacitor voltage initially increases fast and then tapers off as 
it approaches the amplitude of the input step. The current, on the other hand, 
starts out high and then decreases toward zero. The two curves are shown in 
Fig. 3-2. For convenience, the scale of the horizontal time axis is expressed in 
the number of time constants. The subject of time constants will be taken up 


in Sec. 3-3. 
When the capacitor voltage is initially zero, using Eq. (3-2), it is easy to 
see that 
E-0O_E 
Ih = a = R (3-3) 


where Jp is the initial current and v¢ is zero. 
3-2 THE EXPONENTIAL EQUATION 
3-2.1 Ascending and Descending Exponentials 


The mathematical functions represented by Fig. 3-2 are known as ascending 
and descending exponentials. The capacitor voltage follows the ascending 
equation when the input step is positive. 


| vVc= EQ aig eer (3-4) 


At the same time the current descends according to 


earner 


b=Iye Re | (3-5) 


where vc and 7 are instantaneous values of voltage and current, respectively; 
e is the natural logarithmic base equal to 2.71828...(only shown to five 
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Vc i 
E 





0 1 2 3 4 5 5 
t/RC t/RC 


(a) (b) 


Fig. 3-2 (a) Capacitor charging voltage (ascending exponential) and (b) capacitor 
charging current (descending exponential). 


decimal places); RC is the product of the circuit resistance and capacitance 
called the time constant. 


3-2.2 Calculator Solution 


The exponential calculation used to be frightening for those with average 
background and cumbersome for nearly everyone who had to seek a slide rule 
solution. Now the determination is simple with a calculator that can perform 
natural logarithms and antilogarithms. The steps are 


1. enter t/RC and negate; | 
2. take the natural antilogarithm (also called inverse natural logarithm). 
This gives e~/®¢ 


The last step is valid because the logarithm is an exponent. If x =In y, then 
y =e”. Since y also equals the natural antilogarithm of x, y = e* = natural 
antilog x, where x in this case is —t / RC. More background on this, along with 
general concepts of logarithms and exponentials, is offered in Appendix B. 


Example 3-1 Find vc= E(1—e~’*°) where E=5 V, t=2 psec, RC =3 
wsec, and vc is the voltage across a capacitor that is being charged. 
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Solution 


t 
aa 2 psec/3 psec = 0.67 psec 


Negate 0.67 and take the natural antilogarithm (or inverse In). The answer is 
e~ VRC = 0.511, vo = 5(1 — 0.511) = 2.44 V. 


3-3 RC TIME CONSTANT 


The RC product, called the time constant, is a vital part of the exponential 
equation. Although not immediately apparent, this quantity has the dimen- 
sion of time. This can be explained by dimensional analysis of Eq. (3-1) 


_it 


ve C Eq. (3-1) 
vVcC 
‘ c= =a cross multiplication 
Pas ~ Ohm’s law 


Seconds = ohms x farads substituting dimensions 


3-3.1 Relationship to Waveform 


During one time constant, an ascending exponential will reach 63.2% of its 
final value while a descending exponential will fall to 36.8% if its initial value. 
This can be demonstrated by the following example. | 


Example 3-2 


a. If E =10 V, find vc¢ the capacitor voltage after one time constant. 
b. If the initial charging current is 10 mA, find the current after one time 
constant. 


Solution 


a. Vvo= E(1—eU*). 
Since t = RC (one time constant), 
vo = E(1—e7') = 10(1 — 0.368) = 6.32 V 
This is 63.2% of the final value. 
b. i = Ihe /®° 
= 10e~' 
= 10 X 0.368 = 3.68 mA 
This is 36.8% of the initial current. 
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3-3.2 n Time Constants 


The exponential curve has the unique property in that it increases to 63.2% 
of its final value and decreases to 36.8% of its initial value every time constant. 


Example 3-3 Find the voltage and current in Example 3-2 after two time 
constants using the criteria above. Check by substitution in the exponential 
equation. 


Solution 


a. At the end of one time constant v- = 6.32 V in Example 3-2. The 
voltage still has 3.68 V to go in order to reach its final value. After the 
next time constant the voltage will increase: 


Avc = 0.632 X 3.68 = 2.33 
Vc = 6.32 + 2.33 = 8.65 V 

Using the exponential, 

vc = 10(1 —e7’) = 8.65 V 


b. At the end of one time constant i = 3.68 mA in Example 3-2. During 
the next time constant, the current decays to 36.8% of that value 


i = 0.368 X 3.68 = 1.35 mA 
Using the exponential, 
i=10e~° 

= 10 x 0.135 = 1.35 mA 


3-3.3 Five Time Constants 


Since, during every time constant, the exponential function increases or de- 
creases to a certain percentage of its final value, the final value is never actually 
reached. However, it is generally assumed that, for all practical purposes, the 
final value is attained after five time constants since the actual value is within 
1% of the final value at this time. 


Example 3-4 How close to the final value do the ascending and descending 
functions come after five time constants? 


Solution 


a. Ascending 


t/RC =5 
vo= E(1—e75) = E(1 — 0.007) = 0.993E 
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b. Descending 
1 = Ioe 3 


In both cases the function is within 1% of its final value. 


Example 3.5 If a 0.022-~F capacitor charges through a 4.7K resistor, how 
long will it take for the capacitor to charge to its final value? 


Solution The capacitor will charge to 99% of its final value in five time 
constants: 


RC = 4.7K X 0.022 wF = 103 psec 
Five time constants = 5 x 103 = 515 wsec 


3-4 VOLTAGES AND CURRENT 


3-4.1 Initial Conditions 


In Eqs. (3-4) and (3-5) it is assumed that the voltage across the capacitor is 
zero when the step is applied. This is not always the case. Occasionally, the 
capacitor contains a charge which produces an initial voltage Ey at the time of 
the input step. The general formula for the voltage across a partially charged 
capacitor is 


Vo=E-(E - E, je (3-6) 
By adding and subtracting Ey, Eq. (3-6) can be rewritten: 


Ve> E- Ey - (E = Eye 1 + Eo 
= (E — Ey) (1—e7/*") + Ey (3-7) 
Both equations have their utility. Equation (3-6) is the best for calculations, 
while Eq. (3-7) can be better related to the waveform. The waveform is 


presented in Fig. 3-3 for both positive and negative values of Ey). Note how 
readily it conforms to Eq. (3-7). 


Example 3-6 If E =12 V, find vc after 1.5 time constants when 


a. kop =—-3 V 
b. Ap = +3 V 
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a 





(a) (b) 
Fig. 3-3 Capacitor voltage Vc versus time (with initial conditions). (a) Exo negative. (b) 
Fy positive. 
Solution 


a. t =1.5RC. Therefore, t/RC =1.5 and e/®=e7!. 
ve= E —(E- Exe! 
= 19—[12—(—3)] 0.223 
= 12. = (15 x 0.223) 
=8.66 
be ve=10= 12 —3)0.223 


= 12-(9 x 0.223) 
=9.99 V 


Example 3-7 In Example 3-6 what is the voltage after five time constants? 
Solution t=5RC. Therefore, t/RC =5 ande‘/® =e. 


a. Vo=E a (E — Ey)e~ 
= 12 — (15 x 0.007) 
= 12 — 0.105 = 11.895 V. 





50 = RC Circuits 


b. ve =12- (9 x 0.007) 
= 12 — 0.063 = 11.937 V. 
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In both cases, after five constants, vc is within 1% of the final voltage 


FE = 12. 


The voltage across the resistor vg can be determined by the use of 


Kairchhoff’s voltage law, 
VrR= i= Vc 
from which, by applying Eq. (3-6), 


VR= | cia |E ae (E = Eo) e IRC 
VrR= (E = Eo) e “TERE 


Using Ohm’s law 


i= | es Eo e RC 


(3-8) 


(3-9) 


The resistor voltage curve, which is proportional to the current curve, is 


demonstrated in Fig. 3-4. 


Example 3-8 From the data and result in Example 3-6, find the current from 
the exponential equation and check by applying Kirchhoff’s voltage law and 


Ohm’s law. Assume R = 4.7K. 


Fig. 3-4 Resistor voltage and current versus time. 
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Solution 


a. E=12 V, E,=-3 V, t/RC =1.5, 
Ee) 


= (FO) 0.223 


= 0.712 mA 


Check: 
Vr= | Vo 
= 12 — 8.66 = 3.34 V 
‘oot V 
omer Gri '4 
b. E=12 V, Ep = +3 V, t/RC =1.5, 
ee (2 —3 
4.7K 
= 0.427 mA 


Check: 


Vra=12—9.99=2.01 V 


2.01 V 
ATR 





=0.711 mA 


0.223 





= 0.428 mA 


When E£, = 0, Eq. (3-6) becomes 


Vo=E —(E —0)e/*° 

= FE — Ee tke 

= E(1 — e~/*°) 
which is Eq. (3-4). Also, Eq. (3-9) can be changed: 
i= == 0 e —t/RC 


aE ,-yxe 
R 
= Ine —t/RC 


which is Eq. (3-5). 
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Fig. 3-5 Negative step input. 


3-4.2 Negative Step Input 


When the input drops back to its initial condition, causing a negative step (Fig. 
3-5), the capacitor will naturally discharge. Equation (3-6) can be used but E, 
the new applied voltage, is now the lower level of the step and less than Fy 
which, in this case, is the pulse magnitude. Figure 3-6 shows the waveform 
where the lower level is both a positive voltage and zero: 


vo=E-(E—-E, je 
from Eq. (3-6). If the lower level of the step is 0 V, E =0, and 
Vo = Eye RC (3-10) 


Vc approaches zero as ¢ increases [see Fig. 3-6(b)]. Note the discharge voltage 
curve is a descending exponential. 


a a Ve 
Ee , Ey 
. L 
0 0 
1 2 3 4 5 l 2 3 4 5 
t/RC t/RC 


(a) (b) 


Fig. 3-6 Capacitor discharge voltage (negative input step). (a) Final voltage E. (bb) Final 
voltage O. 
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Now for the current. From Kirchhoff’s voltage law 
Vre=E-Ve 
Substituting for vc, 


Vr=E-[E-(E-E,)e!*®] 





= (Ey — E)e“/* ean 
and 
l = ce), e —t/RC (3-114) 
When BU. ae = 
| Va = — Eye 1% : (3-12) 
fs i o ~t/RC | s (3-12) 
| 


ser seer 
saad 


The resistor voltage curve, which is proportional to the current curve, is shown 
in Fig. 3-7. Note that the resistor voltage goes negative after a negative step 
input and is the mirror image of the capacitor voltage when E = 0. Compare 
Fig. 3-7(b) with Fig. 3-6(b). 


Example 3-9 If R =3.3K and C =0.01 wF, find the capacitor and resistor 
voltage and current 10 usec after the input voltage drops from 10 to 2 V. 


Solution 


RC = 3.3K X 0.01 wF = 33 usec 


a2) .. 
t/ RC = 35 = 0.303 


Vo= E= (E oa Eve =e 
=2-—(2—10)e -3% 
= 2 + 8(0.738) 
= 7.904 V 


ey >= —(Ep oak E )e THR 


= —(10 — 2)0.738 
= —5.904 V 
pee ao miA 


3.3K 
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(a) 
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0 0 t/RC 
Io Ey 


(b) 
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Fig. 3-7 Resistor voltage and current (negative input step). (a) Discharge to lower level 


F. (b) Discharge to O V. 


3-4.3 Pulse Input 


As shown in Figs. 1-2(a) and 1-2(b), rectangular pulses and square waves are 
made up of positive and negative steps. Therefore, the output curves derived 
for the positive and negative step inputs can be combined to form the complete 
pulse response. The capacitor and resistor voltage curves for a positive square 
wave input are shown in Fig. 3-8. The current is easily obtained by dividing the 


resistor voltage curve by R. 
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5 10 | 
(a) 
ve 
| QNaS 
0 t/RC 
| 5 10 15 
oe (b) 
5 
5 
0 t/RC 
10 15 
—5 


(c) 


Fig. 3-8 vc and Ve with square wave input (T/2 =5RC). 


From now on, examples in this chapter will primarily follow the above 
and use square wave input pulses with a space voltage of zero. This will 
simplify the presentation without sacrificing fundamental information. A 
square wave with zero space voltage will be referred to as a positive or negative 
square wave with the amplitude specified. For example, a 10-V positive square 
wave will vary between 0 and 10 V. Similarly, a 5-V negative square wave will 
vary between 0 and —5 V. 


3-4.4 Stabilization with a Long RC and Short Period 


In Fig. 3-8 the period is equal to 10 times constants. Since the duty cycle of the 
input is 50%, each voltage level exists for 5 time constants. This allows the 
resistor and capacitor voltages to reach their final values between the steps of 
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the input square wave. If, however, the input voltage levels are appreciably 
<5RC in length, it will take several cycles before a steady-state output is 
reached. 


Example 3-10 A 5-V positive square wave with a 16-ysec period is impressed 
upon an RC network with a time constant of 9 psec. Plot the first two cycles 
of the capacitor voltage. 


Solution Each half cycle will require a distinct solution of Eq. (3-6) with a 
different set of initial and final conditions. ¢, the length of each half cycle is 
T /2 or 8 psec; t/RC is therefore 8 wsec/9 psec or 0.889. 

e —“f RC e —0.889 _ 0.411 


For the first half cycle (from 0 to 8 psec), E =5, Ey =0, 


Vo=E(1—-—e-/*®*) from Eq. (3-4) E,=0 
= 5(1 — 0.411) 
= 2.945 V 


For the second half cycle (from 8 to 16 psec), E = 0 (the input is now zero), 
Ey = 2.945 (the voltage at the beginning of this half cycle) 


Vo=E-(E-E,)e"*®© from Eq. (3-6) 
= 2.945 < 0.411 
= 1.210 V 


For the third half cycle (from 16 to 24 psec), E =5, E, = 1.210, 


¥Vc=5—(5-—1.210)0.411 substituting into Eq. (3-6) 
= 3.442 V 


For the fourth half cycle (from 24 to 32 psec), E =0, Ey = 3.442, 


Vc = 3.442 X 0.411 
= 1.415 V 


The waveform is plotted in Fig. 3-9(b). Note how the average value of each 
cycle increases. 


Example 3-11 How long will it take for the waveform to stabilize, and what 
are the peak and valley voltages? 
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8 16 24 Time (us) 








Time (us) 


Fig. 3-9 First 13 cycles of vc and vr. RC =9 psec, T = 16 psec. 
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Solution By continuing the analysis as in Example 3-10, we arrive at the 


following voltages: 


At 40 psec 
At 48 psec 
At 56 psec 
At 64 psec 
At 72 psec 


Stabilization is reached after four cycles with 


Vo = 3.52 
Vc = 1.45 
Vc = 3.54 
Vc = 1.46 
Vo = 3.54 


Peak voltage = 3.54 
Valley voltage = 1.46 
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Since Vr = Vin — Vc (Kirchhoff’s voltage), the resistor voltage will also 
take several cycles before a steady state is reached. This is plotted in Fig. 
3-9(c), for the conditions of Example 3-10. Note that in this case the average 
of each cycle decreases. 


Example 3-12a Plot the vc and vz waveforms of Examples 3-10 and 3-11 after 
a Steady state is reached. 


Solution The vc waveform is shown in Fig. 3-10(b). The vg waveform is 
shown in Fig. 3-10(c). Note that it is the capacitor voltage subtracted from the 


input. This satisfies the relationship 


VR = Vin — Ve 





72 80 88 96 Time (us) 
(a) 










(b) 


Time (ys) 


(c) 


Fig. 3-10 Steady state reached for vc and ve. RC =9 psec, T = 16 psec. 
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When a steady state occurs, the vc waveform positions itself so that the 
peak has the same potential difference from the upper level of the input as the 
valley has from the lower. This can be readily observed from Fig. 3-10. As a 
result, 


Voc(min) = £ — Ve max) | (3-13) 
Now if Vcmax) and Vo~miny are substituted in Eq. (3-6), 

Vana —(E —voaame 
where Vcimin) is the initial voltage, and Vmax) the final voltage when t = T/2. 
Applying algebra, 

(E — Vominje "= E — Vicgmax) 
Substituting as in Eq. (3-13), 


[E — (E = Vecmax)) |é ir E a Vc(max) 


from which 
Vc(max)@ URC i VC(max) 
Vc(max) + Vc(max)€ =P RC E 
Vetmax) = Fg RC (3-14) 


Equations (3-14) and (3-13) enable the direct determination of the 
steady-state peak and valley voltages of vc when charging and discharging 
cannot be completed during one half cycle. 


Example 3-12b Confirm the peak and valley voltages determined in Example 
3-11 by use of Eqs. (3-13) and (3-14). | 


Solution £, T, and RC are given in Example 3-10, which leads into Example 
3-11. E=5 V, RC =9 usec, tis T/2=8 psec, | 
= E 
Votman = Tg RC 
7 5 
1 + e@ 70.889 
> 


=T+040172>4 V 


Vccmin) — | V.c(max) 
=5-3.54=1.46 V 
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3-5 RISE TIME 


3-5.1 Calculation of Time 


CHAPTER 3 


So far in the solution of exponential equations, the time was given and the 
unknown was either voltage or current. Now let us go the other way and 
calculate the time to move from one point on the waveform to the other. This 


is done by manipulating Eq. (3-6) as follows: 


Vo=E-(E —- Eye 
E-—vce=(E- Eye 





e ~t/RC — E —Vc 
E ~ Eo 
RC) — y»( £ — Ve 
In(e~’**) = In Ea Take natural log of both sides 





Refer to Appendix B, Eq. (B-7) 














Toe, = ve) 
ale In ( EE. Refer to Appendix B, Eq. (B-7a) 
t = E = . 
Tea In ( ae Refer to Appendix B, Eq. (B-2) 
a E- za) 


E = .; 
-In( “<) Refer to Appendix B, Eq. (B-8a) © 
0 
1 


(3-15) 


This equation can be solved easily on a calculator by use of the natural 


log key (In). 


Example 3-13 If a 5-V positive step were applied to a circuit with a time 
constant of 20 wsec, how long would it take the capacitor to charge from 2 to 





4V? 
Solution 
_ E — Eo 
t= RC In (= — 
7 52 
ae = 4 
= 20 In (3) 


= 20(1.1) = 22 psec 
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3-5.2 10% and 90% Points 


Equation (3-15) can be used to determine the 10% and 90% points from which 
the rise time is derived. If the capacitor voltage starts at zero (E) = 0) and 
charges until the 10% point is reached (vc =0.1E), Eq. (3-15) becomes 


7 E-0 
t= RC In( gS Se) 


7 1 
= RC In a) 


= RC In(1.11) | 
=0.1RC (3-16) 


At the 90% point, vc = 0.9. Substituting this into Eq. (3-15) along with 
Eo = 0, 


= RC 1n(10) 
=2.3RC (3-17) 


Example 3-14 If a positive step is applied to an RC circuit with a time 
constant of 20 psec, 


a. How long does it take to reach 10% of the final value? 
b. How long does it take to reach 90% of the final value? 
c. What is the rise time? 


Solution 
a. t=0.1RC 
= 0.1 X 20 =2 psec. 
b. t=2.3RC 


= 2.3 X 20 = 46 usec. 
c. Rise time is the time for a voltage or current to travel from 10% to 
90% of its final value: 


t, = 46 — 2 = 44 psec 
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3-5.3 The Rise Time Equations 
Since rise time is the time difference between the 10% and 90% points, 


t-=2.3RC —0.1RC Eq. (3-16) subtracted from Eq. (3-17), 
t, = 2.2RC (3-18) 


Example 3-15 Confirm the result in Example 3-14 with Eq. (3-18). 


Solution The time constant in Example 3-14 is 20 psec. The rise time deter- 
mined in Example 3-14 is 44 psec. Using Eq. (3-18) 


t-= 2.2 X 20 = 44 psec 


Now RC =1/2af,, from Eq. (2-4a). Therefore, 


t-=2.2 xX aes substituting Eq. (2-4a) into Eq. (3-18) 
Qf 1H 


= a which is the proof of Eq. (2-6) 
H 


3-5.4 Fall Time 


If a negative step is applied, vc descends toward E — 0 from an initial position 
of Ey equal to the pulse amplitude. Therefore, at the 90% point, vc = 0.9Fp. 
Substituting these values of E and v¢ into Eq. (3-15), 


Ep 
t=RC Ing og 


= RC In(1.11) 
=0.1RC 


At the 10% point vc = 0.1E . Substituting into Eq. (3-15) again, 


Eo 
t=RC nog 1, 


= RC 1n(10) 
= 2.3RC 


As a result, the fall time is 2.2RC, the same as the rise time. 
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3-6 THE DIFFERENTIATING CIRCUIT 


In an RC network, as represented by Fig. 3-1, the output can be taken off 
either the resistor or the capacitor. If the output is taken off the resistor, the 
circuit is called a differentiating circuit; if taken off the capacitor, it is termed 
an integrating circuit. This is exhibited in Fig. 3-11. The names refer to the two 
calculus operations which the circuits can perform under prescribed conditions 
of time constant. However, there are other aspects of these circuits which are 
more important from the pulse and digital standpoint and these features will 
be emphasized here. 


3-6.1 Long Time Constant 


Being a resistor waveform, Fig. 3-10(c) shows the output of a differentiating 
circuit with the time constant slightly longer than half the period of the input 
square wave. In Fig. 3-12 the time constant is increased to twice and then three 
times the input period. In this figure observe that 


1. as the time constant increases, the output waveform approaches the 
input waveform; 
2. the output waveform has no DC component. 


The DC component is removed by the capacitor which is in series with 
the output resistor. Remember, the capacitor does not pass direct current. If 
a positive pulse is applied to a differentiating circuit with a long time constant, 
each cycle gradually descends until a steady state is reached with the average 
of the waveform on ground. [Refer to Figs. 3-9(c) and 3-10(c).| 

The AC input of an oscilloscope couples through a capacitor. This pro- 
duces the effect of a long time constant differentiating circuit. The DC com- 
ponent is removed while the input waveshape is reproduced. 


3 
>) 
@ 
ie) 
i: 
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(a) (b) 
Fig. 3-11 (a) Differentiating circuit. (b) Integrating circuit. 





64 RC Circuits CHAPTER 3 


8 16 24 Time (us) 










Time (us) 


Time (us) 


Time (us) 


(d) 


Fig. 3-12 Input and output waveforms for differentiating circuit with a long time con- 
stant. (a) Vin (b) RC = 2T. (c) RC = 3T. (d) RC = 10T. 
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Example 3-16 What is the approximate output pulse if a 5-V positive square 
wave with a period of 10 psec is applied to a differentiating circuit with a time 
constant of 100 psec? 

Solution At steady state the voltage across the capacitor is 
ee: _ 
Vc(max) — 1 + e-t/RC t=T/2 
7 5 
7 1 +e 75/100 
ea) 
Les 
Vc(min) — | V(max) 
=5-2.56 
= 2.44 
Applying vr = E — vc, when EF =5 V 
VR(max) — 5 — 2.44 =2.56 V 
VR(min) — 5 — 2.56= 2.44 V 
and when FE =0 
VR(min) — 0 — 2.56 = —2.56 V 
Vrimax) = 0 — 2.44 = —2.44 V 
[See Fig. 3-12(d).] Since both the positive and negative voltages vary only a 
small percentage from the peak value, the output is approximately a 5-V 
Square wave with no DC component. 
3-6.2 Droop 


Section 1-3.6 discusses the property of a pulse called droop. Note from the 
resistor voltage waveforms in Figs. 3-10 and 3-12 that there is droop in a 
differentiating circuit caused by the voltage decay. Also observe that this 
droop closely follows a linear path when the circuit time constant is long. 

The rest of this section develops the relationship between droop and 
low-frequency cutoff, a topic discussed in Chapter 2, and can be skipped over 
if Eq. (2-9) can be accepted without derivation. 

The capacitor voltage is proportional to its charge and the charge accu- 
mulates as the current flows over an interval of time. Using these relationships 


iAt = Aq = CAvc 
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from which 


._ co Ave 
i=C Ay 


the rate of capacitor voltage change is proportional to its current. At time zero 
of the cycle, assuming the initial capacitor voltage to be zero, i = E,/R, where 
E, is the peak of the output resistor voltage. This current causes the capacitor 
voltage to change at a rate (Av,/At)). Therefore, | 


Ey _ “2c (=< ) _ Fy 
ey , a At /, RC 


If this rate of voltage change remains constant until the capacitance reaches its 
maximum voltage, and this is a hypothetical situation, then 


E,_ oF 
ty, 


R 


where E,,/t, is the rate of change of voltage, E, is the final capacitor voltage, 
and ¢, is the time to reach full charge. Canceling E, in the equation and cross 
multiplying, 


If the capacitor were able to charge at a constant rate, it would take one time 
constant to reach full charge. This relationship is represented in Fig. 3-13. 

The above analysis is really only accurate at time zero. However, note 
in Fig. 3-13 how the constant rate approximates the curvature for about ;. RC. 
If the time constant is two periods or longer, this approximation will be valid 
for the entire half period of a square wave. 

The droop, however, is across the resistor waveform. Since vg = E — 
Vc, the voltage across the resistor descends at the same rate the capacitor 
voltage increases. Therefore, the magnitude of the 


Avy Avec _£,_ F, 
Droop rate = = Ae =i RC 
Fig. 3-14 shows the output pulse of a differentiating circuit. The top of 
the pulse lies on the hypotenuse of a triangle which has slope E,/ RC. Drawing 
the line AB produces another triangle which has a base equal to the pulse 
width ¢, and an altitude equal to the droop of the pulse. Both triangles are 
similar. As a result, 
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Fig. 3-13 Initial rate of change of ascending exponential. 
Droop &, 
—— eG (the droop rate). (3-19) 


Since series capacitance causes the output of a network to fall off at low 
frequencies, the low-frequency cutoff f, can be substituted in the above equa- 
tion by applying Eq. (2-4b) 


1 


fu =>" RE (2-4b) 





Fig. 3-14 Measurement of droop (E, — A) for differentiating circuit with a long RC. 
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and 
Droop £, 
Ly 7 (1/2nf,) 
— 2ufLE, 
Therefore, 


Droop = 27f1t,E, 
Since the pulse width is the duty cycle times the period [see Eq. (1-1)] 


Droop = 2nd 4 Ee (3-20) 


where d is the duty cycle and f the PRF of the input pulse. This relationship 
is used in Chapter 2 and is listed there as Eq. (2-9). 


Example 3-17 A 3-ysec output pulse from a differentiating circuit has a peak 
of 4 V and a droop of 0.3 V. What is the time constant of the circuit? 





Solution 
Droop &, 
"RC (3-21) 


Substituting and cross multiplying 


fe 
RC = (5) 3 psec 


= 40 psec 


Example 3-18 What would be the droop if the pulse in Example 3-17 were 
increased to 8 wsec? 


Solution Using Eq. (3-21) and algebraic manipulation, 


bw 
Droop = RC E, 


(8) 


=0.8 V 
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As mentioned previously, it takes five time constants for the capacitor to 
effectively become fully charged. As a result, if the pulse width is greater than 
five time constants, the current will decay to zero along with the output 
voltage of the circuit. If the time constant is much shorter than the pulse width, 
the output appears only a very short time and is called a spike. 


Example 3-19 The resistance and capacitance of a differentiating circuit are 
470 © and 220 pF, respectively. Draw the output waveform if the input is a 


‘2-psec 5-V positive pulse. 
Solution 


RC = 470 O x 220 pF 
= 470 * 220% 10 “= 


At 103 nsec, 


Vr = 0.368 X 5= 1.84 V 


= 103 nsec 


Vr effectively decays to zero when 


t=5 x 103 =515 nsec 


The same pulse appears in the negative direction at the negative edge of the 
input. The input and output waveforms are shown in Fig. 3-15. 


in 
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(b) 
Fig. 3-15 Differentiator short RC. (a) Input pulse. (b) Spike output. 
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If the input pulse is repetitive, these spikes are repetitive. If the input is 
one positive or negative step, only one spike of the corresponding polarity 
appears. 

When the time constant of a differentiating circuit is short, the circuit is 
called a differentiator. The process whereby the spike is obtained is called 
differentiation. For example, the output spike in Example 3-19 is obtained by 
differentiating the 2-jsec pulse. 


3-6.4 Differentiation 


Differentiation is a mathematical process which measures the rate of change 
of a function. Observe from Fig. 3-15 that there is a change at each edge of 
the pulse. Prior to the pulse, after the pulse, and during the pulse the voltage 
is constant. The output (a spike) only exists at the pulse edge when the change 
occurs. When the voltage is constant, the output is zero. 

The critical reader will observe that, due to the spike width, there is a 
voltage for a short time after each edge. This is because true differentiation 
can only be approximated. A true differentiator would have a zero time 
constant. 

Since this text is about pulse fundamentals and digital circuits, any more 
said about differentiation at this point would be irrelevant. However, for the 
benefit of the reader who has had some calculus and for those who are just 
plain curious, some additional examples of differentiation are presented in 
Appendix C. 


3-7 THE INTEGRATING CIRCUIT 


When the output of an RC circuit is taken across the capacitor, the circuit is 
called an integrating circuit. [Refer to Fig. 3-11(b).] The integrating circuit 
also has diverse output depending on the length of the time constant. 


3-7.1 Short Time Constant 


With a short time constant the capacitor charges fast. If five time constants 
occur before the expiration of the pulse width, the capacitor voltage will reach 
the amplitude of the pulse. If the time constant is very short, the capacitor will 
be “‘fully” charged during most of the pulse width. 


Example 3-20 Apply a 10-V square wave with a period of 12 wsec to an 
integrating circuit. If the time constant is 400 nsec, draw the output capacitor 
waveform. 


Solution Ascending. After 400 nsec, 


Vo = (0.632)10 = 6.32 V 
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3-7. The Integrating Circuit 


CHAPTER 3 


The waveform reaches 10 V in 5 x 400 nsec = 2 psec. 


After 400 nsec, 


Descending 


¥c = (0.368)10 = 3.68 V 


The waveform reaches 0 V in 


5 X 400 nsec = 2 psec 


The waveform is drawn in Fig. 3-16(b). 


It is easy to see from the above example that, as the time constant gets 
shorter, the output of an integrating circuit approaches the shape of the input 


pulse. 
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Integrating circuit. (a) Input pulse. (b) Short RC. (c) Long RC-integrator. 


Fig. 3-16 
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3-7.2 Long Time Constant—Integrator 


With a long time constant the capacitor never fully charges or discharges. 
After several cycles of increasing amplitude as shown in Fig. 3-9(a), it settles 
into a steady state condition where there is only a small voltage variation. If 
the pulse width is about 25% of the time constant, the voltage variation will 
be on the linear part of the exponential curve. This can be seen in Fig. 3-13. 
The RC circuit under these conditions is called an integrator. 


Example 3-21 A positive 10-V square wave has a period of 12 psec. If this 
voltage is impressed on an integrator consisting of R equal to 4.7K and C equal 
to 5600 pF, draw the output waveform. 


Solution 
RC = 4700 x 5600 x 10°” = 26 usec 
Using Eq. (3-14) 


10 
Vc(max) — 1+ e 9/26 9 


where 6 psec is the pulse width equal to 5 the period. 


10, 
Vetmax) = [0.79 > 5.57 V 


From Eq. (3-13) 
Vc(min) = 10 — 5.57 = 4.43 V 


This output waveform is plotted in Fig. 3-16(c). Observe that the output has 
only a small variation and that it is linear between peaks and valleys. 


3-7.3 Integration 


Integration is the converse of differentiation. A differentiator, which responds 
to rate of change, will give a constant output for a linear input since a linear 
input has a constant rate of change. An integrator, on the other hand, as 
demonstrated in Fig. 3-16(c), will give a linear output when the input is 
constant. 

The integration process is extremely difficult to appreciate for one who 
has no background in calculus. The terms accumulation and area under a curve 
have little meaning unless they can somehow be related to the readers’ experi- 
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ence. In addition, integration has little significance in the study of pulses and 
the performance of digital circuits. As a result, the subject will be omitted here 
and left to Appendix C where some examples are given. 


3-8 RESPONSE OF A CAPACITOR TO A STEP 


When a step or pulse is applied to an RC circuit, the capacitor has some unique 
properties which give it considerable significance in pulse applications. During 
a step, the capacitor 


1. has essentially zero impedance 
2. will transfer a change in voltage from one plate to the other. 


3-8.1 “Zero” Impedance 


When the current through an impedance changes, it is accompanied by a 
change in voltage. Keeping this in mind, let us analyze what happens when an 
RC circuit receives a step or pulse. Using Fig. 3-8 as a guide, notice that when 
the positive step of the pulse is applied, the entire voltage appears across the 
resistor. The capacitor voltage remains unchanged for this instant because it 
takes time to build up a charge. Since there is a sudden change of the current 
through a capacitor with no appreciable change in voltage across it, the capac- 
itor at that time has negligible impedance. 

It also takes time for a capacitor to discharge and decrease voltage. As 
a result, the capacitor will present negligible impedance to a negative step 
since there is immediate discharge current with no voltage change as evi- 
denced by the sudden negative voltage across the resistor equal to the step 
magnitude. 

The response of a capacitor to a step can be observed with an ohmmeter. 
When the connection is made, the capacitor, owing to its initial “‘zero”’ imped- 
ance, will draw current from the ohmmeter battery and swing the needle to a 
low resistance before heading back to “‘infinity.”’ Due to the inertia of the 
meter coil, the capacitor has to be about 0.047 wF or greater to allow a 
sufficient time constant to observe this effect. 


Example 3-22 What is the initial and final current in the circuit of Fig. 3-17 
when the switch is closed? 


Solution At the instant the switch is closed, the capacitance having negligible 
impedance shunts the current around the 2K resistor. Therefore, the initial 
current is 8 mA. After the capacitor charges, the capacitor will not draw 
further current and the final current will drop to 4.8 mA. 


Example 3-23 In Fig. 3-18 why will the insertion of C, in the circuit improve 
the rise time of the voltage across C;? 
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Fig. 3-17. 





Input Step 


Fig. 3-18. 


Solution Without C, the time constant is (R; + R.)C,. With C; in the circuit, 
R, is initially shorted out, reducing the time constant. Since the rise time is 
proportional to the time constant [Eq. (3-18)], it will be reduced. Looking at 
the circuit another way, the shorting of R, at the instant of the step increases 
the initial charging current. This, of course, will cause the capacitor to charge 
faster improving the rise time. 


The speed up or commutating capacitor employed in Sec. 6-6.1 and 
shown in Fig. 6-14 employs this principle to improve the rise and fall times of 
the transistor switch. 


3-8.2 Voltage Transfer 


Putting a statement from the previous section in stronger terms, “‘the capacitor 
takes time to charge and as a result cannot change its voltage instantaneously.” 


CHAPTER 3 


3-8 Response of a Capacitor to a Step 75 


15 





Fig. 3-19 Voltage step transfer. 


Since this voltage does not change appreciably during a very short interval, 
like the application of a step, a step impressed on one plate of a capacitor will 
produce the same voltage jump on the other. 

Take the capacitor in Fig. 3-19 for example. Assume plate A is connected 
to a pulse source which is at ground. Let plate B be connected to the midpoint 
of a voltage divider at a potential of 10 V to ground. The capacitor now has 
10 V across it. When the leading edge of the pulse arrives, point A jumps to 
12 V. Since the voltage across the capacitor cannot change appreciably during 
the time of the edge, it is still 10 V. This pushes point B up to 22 V. After this, 
the capacitor starts to adjust its charge and point B heads toward the 10 V 
fixed by the divider at a rate determined by the time constant. 

However, when point B decays to 15 V, the input drops to zero. At this 
time the capacitor has (15 — 12) or 3 V across it. The 12-V drop in the input 
is transmitted to the output and point B falls to 3 V. Then with the input 
remaining at zero, waveform B follows an exponential path to its original 
position of 10 V. 

Note in Fig. 3-19 that the steps at points A and B have the same magni- 


tude although the absolute voltage values are different. 


Differentiating circuits also demonstrate this transfer since the resistor is 
connected with the source through a capacitor as in Fig. 3-11(a). Observe Figs. 
3-8, 3-9, 3-10, 3-12, and 3-15. Note that the change in the input voltage on one 
side of the capacitor is the same as the change in resistor voltage on the other 
side. The capacitor has transferred the change. 


Example 3-24 Find the voltages across the capacitor and resistor in Fig. 3-20 
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(a) (b) 





(c) (d) 


Fig. 3-20 (a) Initial condition. (b) Instant switch transferred to B. (c) Switch remains at 
B. (d) Instant switch transferred to A. 


a. When the switch is at A. 

b. The instant the switch makes contact at B. 
c. After the switch remains at B. 

d. The instant the switch returns to A. 


Solution 


a. Vc = 36 V and ve=0. See Fig. 3-20(a). 

b. vc is still 36 V, and as a result, ve = —36 V. The capacitor cannot 
instantaneously change its voltage. See Fig. 3-20(b). 

c. The capacitor discharges until it has zero potential across it. vp is zero 
because the capacitor has reached its final voltage and no current is 
flowing. This is indicated in Fig. 3-20(c). 

d. vc still has zero potential across it, and, as a result, vg = +36 V. See 
Fig. 3-20(d). 
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Example 3-25 Repeat Example 3-24 if point B is connected to a 3-V bias as 
in Fig. 3-21. 


Solution 


a. Vc = 36 V and vg =0. See Fig. 3-21(a). 

b. vc is still 36 V and vz is +3 — 36 = —33 V. See Fig. 3-21(b). 

C. Vr=0 because no current is flowing. The capacitor voltage finalizes 
with 3 V across it. See Fig. 3-21(c). 

d. vc is still 3 V and vz is 36-3 or +33 V. This is indicated in Fig. 
3-21(d). 


Example 3-26 Repeat Example 3-25 if point B is connected to —3 V. 





(c) (d) 


Fig. 3-21 (a) Initial condition. (b) Instant switch transferred to B. (c) Switch remains at 
B. (d) Instant switch transferred to A. 
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Solution 


d. 
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a. Vc = 36 V and vr=0. 
b. 
Cc. 


Vc is still 36 V and vz is —3 — 36 = —39 V. 

Vp = Osince no current is flowing. The capacitor voltage finalizes with 
a potential of 3 V (switch side negative). 

Vc does not change and vz is 36 +3 = 39 V. 


The capacitor voltage transfer is used in the monostable multivibrator 
(Sec. 12-2). Figure 3-22 simulates this action. The transistors are switches. 
When ON they have a low voltage close to zero. When OFF they will draw 
negligible current. The action is as follows. 


Q, is biased OFF. 
Q, is biased ON. 


With no current flowing through Rc, the Q, side of the capacitor 1s at 
20 V. 


The Q, side of the capacitor is connected to the base of the ON transistor 
which is about 1 V above ground. The capacitor, therefore, has 19 V 
across it with the Q, side positive. 





—V 
Fig. 3-22 Capacitor coupling to cutoff Qo. 


CHAPTER 3 


3-8 Response of a Capacitor to a Step 79 


When Q, is turned ON, the collector drops to approximately 0 V—a 
20-V drop. 
At this instant the capacitor maintains the 19-V potential across it. 


The base of Q, therefore drops from 1 to —19 V (also a 20-V drop) and 
shuts Q, off. 


As the capacitor readjusts its charge, the base of Q, heads positive. 


After an interval determined by the time constant Rm»C, the base goes 
above ground and turns Q, back ON. 


This operation is used to create a pulse of a given width. Section 12-2 
goes into this in more detail. The purpose of this discussion is to point out the 
way the capacitor transfers a 20-V drop from one circuit to another. 

Figure 3-23 operates similar to Fig. 3-22 and is used to shut off an SCR. 
An SCR switches when turned on by the gate G. However, the SCR is not 
turned off by reversing the gate. It is turned off by opening the anode A or 
reversing the anode voltage. The circuit operates as follows: 


SCR, is initially ON with 1 V across it. 
SCR, is initially OFF with negligible current. 
The capacitor has 19 V across it with the A, side positive. 


When SCR, is turned ON, A, drops to 1 V (19-V drop). The capacitor 
at this instant maintains its 19 V. 


A, therefore, drops 19 V from 1 to —18. This shuts off SCR;. 
The capacitor then readjusts its charge as A; approaches 20 V. 


The capacitor then reverses its voltage attaining 19 V across it with the 
A, side positive. 

The operation can now be repeated with the SCRs interchanged by 
turning on SCR. 


Vi4=20V 





Fig. 3-23 SCR commutation. 
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This is called a commutating circuit and is another demonstration of the ability 
of a capacitor to transfer a step at different levels. 


3-9 MATCHING TIME CONSTANTS 


Let us change a differentiating or integrating circuit by shunting the resistance 
with a capacitance and vice versa as in Fig. 3-24. When a step voltage of 
amplitude EF is applied to the input, the output will ultimately attain a steady- 
state voltage determined by the resistor divider. 


Vout = R, af. R, (3-22) 


However, initially v.,, will be determined by the relative values of the 
capacitances which form a capacitor divider. This is because the current flows 
through the capacitance and not the resistance at the instant the step occurs, 
forming a series capacitance branch. Since the current in a series branch is 
equal throughout, the accumulated charge on each capacitance is the same: 


q = Civ, = Cov2 
where g is the charge on each capacitor. During the step 
E= Vi + V2 


2  @ 
=, 





Fig. 3-24 Parallel-series RC. 
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By algebraic manipulation 
ee ewe 
ala] 
— ({Q+¢, 
7 Ce 


Using the information above, 











Vout V1 
E HE 
= qlC, 
~ a[(C, + C)/(CiC,)] 
~ +6, 


Therefore at the application of the step, 


_{_©& 
m= (Sar}e 
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(3-23) 


Summarizing the preceding analysis, when a step is applied to the circuit 


in Fig. 3-24: 


The output voltage is initially determined from the capacitor divider in 


Eq. (3-23) 


Then, after the capacitances become charged, a steady-state voltage is 


reached determined by Eq. (3-22). 


Figure 3-25 shows three distinct output possibilities of the circuit in Fig. 
3-24 depending upon the relationships of the time constants R,C, and R2C. 


In Fig. 3-25(a), 


C 
RoC, > RC, and - 


In Fig. 3-25(b), 





mS eee a 
Ci +O,” Ri +R 





C, R, 
RC, < RC, and eS 7 GR, ra R 
In Fig. 3-25(c), 

C, R, 





RC, = RC, and 





C+6, BPR 
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(OR 
In 





Time 


Fig. 3-25 Output waveforms as a function of RiC; and R2C2. (a) Re2C2>RiCi. (b) 
R05 R, eo (C) R3C> = R; are 
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Fig. 3-26 Matching line to input. v; is voltage between terminals and has the same 
waveshape as Vi, When R2C2 = RC). 


The waveform of v,,, can be varied appreciably by the adjustment of one 
of the four values of resistance or capacitance. If R, and C; are the input 
resistance and capacitance of an electronic device and R, is a step-down 
resistor used to divide down the input voltage, C, can be used to assure an 
undistorted pulse input to the device by adjusting until RiC; = R.C,. An 
example is shown in Fig. 3-26. 

Many oscilloscope probes have this adjustment to match the probe to the 
oscilloscope input. When matched, the pulse input at the scope terminals has 
the same waveshape as the pulse at the probe input. This of course occurs 
when R,C,; = RoC. 


3-9.1 Proof that Eq. (3-22) = Eq. (3-23) when R,C, = R2C, 
Vout = | R+ x)E Eq. (3-22) 
R,C, C, 
lee ee: RC, +R; =}é Multiply by C. 


R 
11 eee lF RC, = RC; 


~ \R3C + RoC; 
R,(C; + C, 


Rate a C,)C; 


“lee ne Je Factor out R, 


R,C,C C 
i eee Multiply by a 
2 
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SUMMARY 


When a step voltage is applied to a circuit consisting of resistance and 
capacitance, the charge and discharge currents and voltages vary with time 
according to an exponential function. 

An exponential function is a mathematical relationship that increases or 
decreases at a diminishing rate as time progresses. 

The base of the exponential in an RC circuit application is the natural 
logarithmic base e. The exponent is the negative of time divided by the product 
of R and C. 

The capacitor voltage follows the ascending exponential (1 — e~/*°) 
when a step is applied to an RC circuit. It follows the descending exponential 
e~/RC when the applied voltage suddenly returns to the initial condition. 

The resistor voltage in an RC circuit is the difference in potential between 
the input voltage and the capacitor voltage. This also becomes exponential 
voltage when a Step is applied. It is maximum at time zero and then descends. 
When the applied voltage returns to the initial condition, the resistor voltage 
is equal but opposite in polarity to the capacitor voltage. 

Since J = E/R, the waveform of the current is the same as the waveform 
of the resistance. When the step is applied and the capacitor charges, the 
current starts out high and then decays or descends. When the input voltage 
returns to the initial condition and the capacitor discharges, the current imme- 
diately becomes high in the opposite direction and then decays. 

The product of the circuit resistance and capacitance (RC) is called the 
time constant and is part of the exponent in the exponential. During this time, 
the exponential function will ascend to 63.2% of its final value or descend to 
36.8% of its initial value. In fact, during each successive time constant the 
function will increase 63.2% (or decrease to 36.8%) of the amount of change 
needed to reach the final value. 

The exponential actually never reaches its final value. However after five 
time constants the final value is approached to within 1%. As a result, five time 
constants is generally referred to as the time to reach the final value. 
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When the time constant is appreciably longer than the period of a rectan- 
gular pulse waveform with a duty cycle near 50%, like a square wave, there 
is insufficient time available for the output across either R or C to reach the 
final value on either ascent or descent. In this case it takes several cycles for 
the peaks and valleys of the waveform to reach steady state. When steady state 
is reached, the peak of the output waveform is lower than the maximum level 
of the input pulse, while the valley is higher than the minimum input level. 

As the time constant of the RC circuit increases, the rise and fall times 
of the output waveform across the capacitance increase proportionately. Nu- 
merically t, and t;= 2.2 RC when the circuit input is a step. 

When the output from an AC circuit is taken across the resistance, the 
circuit is called a differentiating circuit. 

When a differentiating circuit has a long time constant, the output wave- 
form approaches the input. Deviation from the input is evidenced by the 
droop mentioned in Chapter 1. The droop is inversely proportional to the time 
constant. 

When a differentiating circuit has a short time constant it is called a 
differentiator. If a step is applied to a differentiator, the output is a short pulse 
often called a spike. The output of a differentiator approximates the rate of 
change of the input signal. 

When the output from an RC circuit is taken across the capacitance it is 
called an integrating circuit. 

When an integrating circuit has a short time constant the output ap- 
proaches the input. Deviation from the input is evidenced by noticeable rise 
and fall time. 

When an integrating circuit has a long time constant it is called an integra- 
tor. The output of an integrator has only a small variation and the limits do not 
come close to approaching the input levels. Since the pulse exists for only a 
short portion of the time constant, the output, though exponential, is essen- 
tially linear. 

When a step voltage is applied to a capacitor 


a. The impedance of the capacitor during the step is zero; 
b. the variation in voltage applied to one side of the capacitor is trans- 
ferred to the other. 


PROBLEMS 


1. A 0- to 5-V step is applied to an RC circuit consisting of 2700 © in series 
with 5600 pF. What are the capacitor voltage, the resistor voltage, and the 
current at the instant the step is applied? Assume no initial charge on the 
capacitor. 
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10. 


11. 


Weds 


13. 


. What are the resistor voltage and current in problem 1: 


a. After the capacitance is charged to 3 V? 
b. After the capacitance is fully charged? 


. Express a farad in a dimension involving time. 
. In problem 1: 


a. What is the time constant? 
b. What is the capacitor voltage after one time constant? 
c. What is the current after one time constant? 


. Using the data in problem 1, find the capacitor voltage and current after 


20 psec. 


. A 0- to 5-V step is applied to an RC circuit made up of R =3.3K and 


C = 0.0047 uF. 

a. What is the voltage across the capacitor after three time constants? 
Check your result by another method. 

b. What is the current after four time constants? Check your result by 
another method. 

c. How long will it take to “fully” charge the capacitor? 

d. What is the voltage across the capacitor after the time determined in 
problem 6c? Is this the actual voltage or an approximation? If an 
approximation, to what percent is it accurate? 


. A10-V level is suddenly applied to an RC circuit made up of R = 3.3K and 


C = 0.0047 wF. What is the voltage across the capacitor after 25 wsec 
when: 

a. The capacitor is initially uncharged? 

b. The capacitor is initially charged to 4 V? 

c. The capacitor is initially charged to —4 V? 


. Using the data from problem 7, find the current after 25 usec for the three 


conditions of initial charge. 


. a. In problem 8 how long does it take for the current to approach zero? 


b. What is the voltage across the capacitor at this time? 

A circuit has a resistance of 5600 © and a capacitance of 2700 pF. The 

input is a 5-V level. Find the capacitor and resistor voltages 18 ysec after 

the input drops to 

a. OV; 

b. 2 V; 

G3. ¥2 

a. In problem 10a, what are the capacitor and resistor voltages at the 
instant of the step? (Include sign.) 

b. Verify the results in problem 11a with the Kirchhoff voltage equation. 

A positive square wave is applied across an RC circuit. If the period is 20 

usec and the time constant is 1 psec, draw the capacitor and resistor 

voltage waveforms and the current waveform. 

A 10-V positive square wave with a period of 40 ysec is impressed across 

an RC circuit with a 15-wsec time constant. What are the capacitor and 

resistor voltages after 1; cycles? 
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a. Does the average voltage of each cycle of the capacitor voltage wave- 
form increase or decrease before steady state is reached? 

b. Repeat problem 14a for the resistor voltage waveform. 

a. Draw the capacitor and resistor voltage waveforms for the conditions 
of problem 13 after a steady state is reached. Indicate the peak and 
valley voltages. 

b. What is the average voltage of each waveform after steady state is 
reached? (Find the approximate average only for the capacitor.) 

If an RC circuit has a time constant of 3 psec and a 10-V level is suddenly 

applied, how long will it take to charge the capacitor to 8 V from an initial 

charge of —2 V? 


. An RC circuit has a resistance of 4.7K and a capacitance of 0.0033 pF. If 


a 0- to 10-V positive step is applied to the input, how long will it take 
a. to reach 1 V? 
b. to reach 9 V? 


. What is the rise time in problem 17? Check with the rise time equa- 


tion. 


. Equations (2-6) and (3-18) both measure rise time. Prove that they are 


equal. 


. What is the fall time for the conditions of problem 17 when the input 


voltage steps back to zero? 


. What is the difference between a differentiating and an integrating cir- 


cuit? 


. Must the time constant of a differentiating circuit be long or short to 


effectively pass the input pulse? 


. What should the time constant of a differentiating circuit be in relation to 


the period to effectively pass the input pulse? (Refer to Fig. 3-12.) 


. a. If a positive 10-V square wave is applied to the circuit in problem 23, 


what is the average value of the output pulse? 
b. Repeat problem 24a if the time constant of the circuit is reduced to two 
time constants. Assume steady-state operation. 
c. Repeat problem 24a if the time constant is reduced to one time con- 
stant. Again assume steady-state operation. 
d. Why is the average the same for problems 24a, b, and c? 
A positive 10-V square wave is applied to a differentiating circuit. The 
period is 12 psec and the circuit time constant is 30 sec. What is the 
droop? Assume steady-state operation. (Refer to the example in Sec. 
3-6.2.) 
A capacitance of 4700 pF is charged through a 3300-0, resistance by a 10-V 
step from ground. 


ig Ya. What is the initial current? 


V 27. 


b. What is the initial rate of voltage change? 

c. How long would it take the capacitor to fully charge if the initial 
charging conditions in problems 26a and b remained constant? 

An output pulse from a differentiating circuit with a long time constant 
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35. 


36. 


37. 


38. 


39, 


40. 


41. 


has a peak voltage of 5 V and a width of 2 wsec. If the droop of the pulse 

is 1 V, what is the time constant of the circuit? 

What would be the droop in problem 27 if the time constant were in- 

creased to 20 psec? 

A 5-V positive square wave with a period of 16 psec is impressed upon a 

differentiating circuit with a time constant of 800 nsec. Draw the output 

waveform and indicate the peak voltages. 

a. What is another name for the pulse obtained in problem 29? 

b. What must the circuit do to the square wave to obtain this pulse? 

a. What makes a differentiating circuit a differentiator? 

b. What property of the input waveform does the differentiator exhibit? 

Change the circuit in problem 29 to an integrating circuit and draw the 

output waveform? 

To reproduce the input pulse, must the output of an integrating circuit be 

long or short? 

A positive 10-V square wave is applied to an integrating circuit. The 

period is 12 psec and the circuit time constant is 30 psec. Assume steady 

state and draw the output. 

Indicate the following as integrating or differentiating circuits and indicate 

whether the time constant is long or short: 

a. Output pulse is a spike. 

b. Output pulse resembles input with noticeable rise time. 

c. Output pulse resembles input with droop. 

d. Output pulse is triangular with small variation between peak and val- 
ley. 

Which of the conditions in problem 35 represents an 

a. integrator? 

b. differentiator? 

A capacitance has 8 V on plate A and 15 V on plate B. If the voltage on 

plate A is suddenly increased to 20 V, what happens to plate B? 

Revise Fig. 3-17 making the battery 36 V, R; = 4.7K, and R, = 1.8K. What 

is the voltage across each resistor and the current at the instant the switch 

is closed? 

What is the impedance of the capacitor in problem 38 at the instant the 

switch is closed? 

a. In Fig. 3-18, what is the rise time of the pulse across C, if C, = 0.0022 
wk, R,; = R,= 1.6K, and C, is absent? 

b. How does the insertion of C, improve this rise time? 

In Fig. 3-19 assume R, is 3.3K, Ry is 2.2K, V, is 25 V, and point A is at 

5 V. 

a. What voltage is across the capacitor? 

b. What voltage will be at B if the voltage at A is suddenly stepped to 
15 V? 
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c. What is the voltage at B after the 15-V level remains on A for an 
appreciable period? 

d. What is the B voltage at the instant point A is suddenly returned to 
3 Vi 

Use Fig. 3-20 and change the battery to 48 V. What voltages exist across 

the capacitor and the resistor: 

a. With the switch as shown at position A? 

b. The instant the switch is transferred to position B? 

c. After the switch remains in position B? 

d. The instant the switch is transferred back to position A? 

e. After the switch remains in position A? 

Repeat problem 42 if contact B is connected to +5 V. 

Repeat problem 42 if contact B is connected to —5 V. 

Use Fig. 3-22 making the supply voltage equal to 12 V. Assume an OFF 

transistor has no current flow and an ON transistor has 1 V from base to 

emitter and 0.5 V from collector to emitter. 

a. Which transistor is ON and which is OFF? 

b. What is the voltage across the capacitor? 

c. If Q, is turned ON (driven into saturation), what voltage is applied to 
the base of Q, and what happens to Q,? 

d. What allows Q, to be turned ON again if Q,; remains ON? 

Use Fig. 3-23 and assume an SCR has 1.5 V across it when ON and no 

current flow when OFF. Also assume SCR, is ON and SCR, is OFF with 

VaA = 20 V. 

a. What voltage exists across the capacitor? 

b. If SCR, is turned on, what voltage is immediately applied to the anode 
of SCR,. What does this do to SCR,? 

c. If the condition in problem 46b is allowed to remain, what voltage will 
exist across the capacitor? Is it the same or opposite polarity to the 
voltage in problem 46a? 
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RL-RLC Circuits and 
Distributed Parameters 


The presence of inductance in a pulse circuit has application in such devices 
as pulse transformers and delay lines. Also, the sudden interruption of current 
through an inductor is highly significant since severe voltage spikes can be 
produced which can damage components. The ordinary RL circuit is seldom 
used for integration or differentiation and does not have the general utility of 
its RC counterpart. However, the principles involved in RL circuitry aid in 
understanding the devices and functions mentioned above. 

Along with capacitance and resistance, inductance is distributed along 
transmission lines producing effects that can be described from the per- 
formance of RL, RC, and RLC circuits. 


4-1 THE PULSE RESPONSE OF RL CIRCUITS 


Two RL circuits with pulse input are shown in Fig. 4-1. The two circuits are 
identical, the only difference being the component from which the output is 
taken. 

When a positive voltage step is applied to the circuit, the current will 
naturally increase. However, when a current through an inductance increases, 
it induces a voltage in the inductance which opposes the change in current. As 
a result of this, the current will not reach its final value until some time after 
the step is applied. 

Looking at the situation from a mechanical standpoint, the inductance 
can be considered an inertia. As is well known, if a force is suddenly applied 
to a mass, the inertia of this mass will delay its reaching the final or steady- 
State velocity. 


4-1.1 Waveforms of the General Case 
The waveform of a current in an inductive circuit with step input will have the 
same shape as the charging voltage of a capacitor in an RC circuit. This, of 


course, is an exponential curve and is expressed as 
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(a) (b) 


Fig. 4-1 RL circuits with pulse input. 


i=I-(I-L)e (4-1) 


where J is the final current, Jp is the initial current flowing before the step is 
applied, and ¢, is the inductive time constant L/R.' 

The final current, which can only be reached after five time constants, 
is E/R where E is the step amplitude. 

Equation (4-1) can also be expressed in another form by exerting a small 
amount of algebraic manipulation: 


1 = I = [,)( == ¢@ re) + Ih (4-1a) 
Compare these with Eqs. (3-6) and (3-7). 

Multiplying both sides of either equation by R will produce the voltage 
waveform across the resistance, 

Ve=E —(E — E,)e~"* (4-2) 
also expressed as 

Vre=(E-E,)(1—e 7") + Ey (4-2a) 
where Ey, equals J,>R, the initial voltage across R. 

According to Kirchhoff’s voltage law, during the pulse v, + ve=E. 


Therefore, 


Vi, =E-—vVpR 


‘t, will be used in equations instead of L/ R to simplify the exponent. As in the case of the 
capacitive time constant, a function will ascend to 63.2% of its final value (or descend to 36.8% 
of its initial value) during each time constant. 
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and, substituting Eq. (4-2) for vp 
vp=(E — Eye" (4-3) 


After the trailing edge of the pulse, the voltage and currents return to 
their initial values. Once again the variation is along an exponential path. 
Equations (4-1) and (4-3) still hold with the values of J and J) reversed. In other 
words, if the current varies from an initial value of J) = 2 mA to a final value 
I =5 mA during the pulse, the return path will start with an initial value of 
Ij =5 mA and descend to J/=2 mA. Also Ep =5 mA X R. 


4-1.2 Zero Initial Conditions 


The inclusion of J) and E, show the general case. However, a very practical and 
greatly simplified condition can be demonstrated assuming the initial condi- 
tions J) and E, to be zero. 


Then 

i=I—Ie«=T(1—-e"*) (4-4) 
p= IR(1—e7*) = E(1—e~*) (4-5) 
v= E — vp= Ee (4-6) 


As in the general case 


i reaches a final value J = E/R, 
Vp reaches a final value of E, 


v;, decays to zero. 


These waveforms in relation to the positive step of the pulse are shown 
in Fig. 4-2. 

At the conclusion of the pulse, during the space, the currents and volt- 
ages return to zero. Substituting into Eq. (4-1), with the final current J equal 
to zero, 


i =0-(0-h)e~! 
a I e = (4-7) 


where J, is the current at the beginning of the decay and t = 0 at the instant 
the pulse steps negative. 
Then 


Va = IpRe-'! (4-8) 
and using Kirchhoff’s voltage law with the applied voltage now equal to zero, 


se Q- te VT e = —I)Re te (4-9) 
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Fig. 4-2. Current and voltage waveforms of the RL circuit with positive-step input 


voltage. 
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If the pulse is wide enough to let the current reach a steady-state value, 


Ip= E/R and 
Va = Ee (4-8a) 
Vp = —Vp= —Ee (4-9a) 


The waveforms represented by these equations in time relationship to 
the negative step of the pulse are shown in Fig. 4-3. 


Example 4-1 A 5-V pulse is applied to the circuit in Fig. 4-1. R = 10K; 
L =20 mHz. The initial current is zero. 


a. Find the time constant. | 

b. Find the current after 1 psec. 

c. Find the voltage across both the resistance and inductance after 100 
nsec. 

d. How long must the pulse be for the current to reach its final value and 
what is this value? 

e. If the pulse is 20 psec long, 5 psec after the trailing edge what are the 
following? i? vr? v,? 

f. How long will it take for the current to decay to zero? 


Solution 
a. t,= L/R =20 mH/10K = 2usec 
b. i=I-U-h)e 
I=E/R=5/10K=0.5 mA 
Ih = 0 
t =1 psec 
i=0.5-0.5e 1? 
= 0.5(1 —e~°°) =0.2 mA 


C. VvrR=E-(E-E,)e 


where E is the pulse amplitude. 


Ey = hR = 0 
t = 100 nsec = 0.1 psec 
va=5—Se "" 
_ 5(1 — Pe au) 


= 5(1 — 0.95) = 0.25 V 
so (E = Eve “Ale 
= 5e°° = 4,75 V 
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Fig. 4-3 Current and voltage waveforms of the RL circuit with negative-step input 
voltage. 
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d. Five time constants 


5 


=ToK = 0? mA 


5 X 2 psec = 10 psec I 
e. This is the descending condition: J the final current = 0. Using Eq. 
(4-7), Ohm’s law and Eq. (4-9a), 


i =0.5e-°/* = 0.041 mA 
Ve = 10K x 0.041 = 0.41 V 
Vp = —Vre= —0.41 V 
f. Five time constants 
5 xX 2 psec = 10 psec 


The complete pulse and associated waveforms are shown in Fig. 4-4. 
Note how the sum of vz and v, is equal to E. 

Comparing these waveforms to those of the RC circuit (Fig. 3-8), it can 
be seen that vz of the RL configuration corresponds to vc of the RC, and v, 
tO Vp. 


4-1.3 Time Constant 


As mentioned in Eg. (4-1), the inductive time constant is L/R. This means 
that an increase in resistance decreases the time constant whereas with the 
capacitive time constant (t, = RC) an increase in R increases the time constant. 

As in the case of the RC circuit, Sec. 3-3.2 the current or voltage in- 
creases to 63.2% of its final value ascending and decreases to 36.8% of its 
initial value descending during each time constant. It also takes five time 
constants to approximate the steady state or final value as mentioned in Sec. 
4-1.1 


4-1.4 Rise Time 


Starting with i = J(1 — e~) and using an analysis similar to that in the pre- 
ceding chapter (Sec. 3-5), we can make the following derivations: 


l 

7 
e c=]-- 
I 


-t/t= In 
mer ee 
rein GA) 
I 
f=1, hn>=— | (4-10) 
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Fig. 4-4 Current and voltage waveforms of the RL circuit with pulse input. 
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At the 90% point 


i =0.9/, 
t=t, In (<a) 
oe AE = OOF 
1 
= f. Ino7 
= t. In 10 
=2,3f. or: 23L/K (4-11) 


At the 10% point 


i=0.11 


es (<a 
ak NS 


fee 
= t, Ino 9 


=f iia 
=0.1t, or 0.1L/R (4-12) 


The rise time being the time between the 10% and 90% points (See Fig. 
1-6), 


t,=2.3L/R—0.1L/R 
=2.2L/R (4-13) 


Compare this with Eq. (3-18). By.the same analysis, starting with an 
initial current, fall time ¢ can also be proven to be 2.2L/R. 


Example 4-2 What are the rise and fall times of the voltage pulse across R in 
Example 4-1? 


Solution 1, and ¢; both equal 2.2L/R, 


tp = t= 2.2 X 2 psec = 4.4 psec 


4-1.5 Approaching Steady State 


If the input is a square wave with a period greater than 10 time constants, the 
voltage waveforms are represented in Fig. 4-5. 


CHAPTER 4 4-1 The Pulse Response of RL Circuits 99 


in 
E 
ee ene 2 ee Se __ 
5 10 15 20 2a 30 35 
5 
0 _ 
0 5 10 15 20 25 30 35 
vy, 





—_—_ 
Time constants 


Fig. 4-5 Response of the RL circuit to a square wave. T > 10 time constants. 


However, if the period is less than 10 time constants, there are less than 
5 time constants in each half cycle for the waveform to approach its steady 
state. As a result, it will take several cycles to reach a steady-state condition 
just as in the case of the RC circuit. (See Fig. 4-6.) The maximum and 
minimum values of vz at steady state are determined the same way as those 
for vc in the RC circuit* substituting, of course, L/R for RC. 


*See Eqs. (3-13) and (3-14). 
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Time constants 


Fig. 4-6 Response of the RL circuit to square wave-approaching steady state after three 
cycles. T = 2 time constants. 


Example 4-3 Find v, after 1% cycles in Fig. 4-6. E= 5V,%= 1/2 


Solution First find vg after three time constants and then use Kirchhoff’s 
voltage law. 


Vr after % cycle: 

ve = 5(1 —e 7") 
=5(1-e) 
= 3.16 V 
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Vr after 1 cycle: 


Vp = 3.166 ~" 
= 3.16e' 
=1.16 V 

Vp after 1% cycles: 


Vre=5—(5—1.16)e~’* Refer to Eq. (4-2) 


=5-3.84e7! 
= 3.58 

vi, =E—VpR Vz, =O-— vp 
=5-—3.58 = —Vp 
=1.42 V =—3,50 ¥ 


(See Fig. 4-6.) 
4-2 RLC CIRCUITS 


An RLC circuit with pulse input is shown in Fig. 4-7. Since the capacitance is 
usually in shunt, and the inductance and resistance in series, the output is 
generally taken off the capacitance as shown in the figure. 


4-2.1 Resonance 


As in an RL circuit, the inductance slows the increase in current when a 
sudden step represented by the leading edge of the pulse is applied. The 
capacitance is charged by this current. However, when the voltage across the 
capacitance reaches the pulse amplitude E, the inertia of the inductance keeps 
the current flowing. This causes an overshoot as the capacitance charges 
beyond its final steady-state value. During the overshoot the capacitance 
charges until the current decreases to zero. 

However, this does not end the process. The capacitor then discharges, 
intending to reach its final value of voltage. This causes current to flow in the 


L R 


E 
| | C Vout 
0 


Fig. 4-7 RLC circuit with pulse input. 
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Fig. 4-8 Capacitor voltage and current waveforms of an underdamped RLC circuit. 


opposite direction. Once again, due to the inertia of the inductance, the 
output voltage across the capacitance cannot stop at its steady-state value and 
continues to decrease until the current is again zero. 

The net result is an oscillation around the steady-state voltage as shown 
in Fig. 4-8 as energy is interchanged between the inductance and the capaci- 
tance. The oscillation is temporary because the current flowing through the 
resistance causes heat, which makes energy leave the system. As the energy 
moving between inductance and capacitance decreases, the oscillation dies 
and the output voltage finally approaches its steady value which is equal to the 


* pulse amplitude. 


4-2.2 Damping the Oscillation 


The resistance is said to damp the oscillation. The larger the resistance, the 
faster energy in the form of heat is removed from the system and the sooner 
the oscillation is damped out. In fact, the resistance can be made large enough 
to dissipate sufficient energy so as to prevent the overshoot. The waveform for 
this is shown in Fig. 4-9. 

There are names given to the damping conditions. Figure 4-8, with the 
oscillation, is said to be underdamped. Figure 4-9, without the oscillation, is 
said to be overdamped. 


Ce 





Time 


Fig. 4-9 Capacitor voltage and current waveforms of an overdamped RLC circuit. 
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The determining factor for damping can be represented mathematically 
as follows. If 


R? 1 


The circuit is underdamped. Naturally if R?/4L*>1/LC, the circuit is 
overdamped. 
By cross multiplying L*, Eq. (4-14) can be rewritten 


2 
2 = i (4-15) 


It is only natural to wonder what happens when R*/4L?=1/LC or 
R?/4=L/C. This condition is called critical damping and gives an output 
waveform across the capacitance as shown in Fig. 4-10. 





@== aus a= = 


0 Time 


Fig. 4-10 Capacitor voltage and current waveforms of a critically damped RLC circuit. 


The three damping conditions can be related to the shock absorber test 
on an automobile. A good shock absorber is critically damped with the motion 
of the car resembling Fig. 4-10. Poor ‘“‘shocks” are either underdamped, 
causing a short oscillation, or are overdamped, allowing too long for the car 
to return to a stable condition. In this mechanical analog involving the shock 
absorber, the inductance corresponds to the inertia of the body; the capaci- 
tance to the compliance of the springs and the resistance to the frictional 
damping of the absorber. 


Example 4-4 In an RLC circuit, L = 20 mH, R = 4.7K, and C = 0.01 pF. 


a. Is the circuit overdamped or underdamped? 
b. Must R be increased or decreased to achieve critical damping? 
c. If Ris decreased by a factor of 2, what kind of damping do you have? 
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Solution 

a. 
R?_ (4.7x 10°)" _ , 
laa y = 5.52 x 10 
L_ 20x10° 
== —=2%x 10° 
C 0.01 x 10° 

Z 

sits = Circuit is overdamped 
4° C 

b. For R?/4=L/C, R?/4=2 xX 10°. Therefore, R must be reduced (to 
2.83K). 

c. If R is reduced by a factor of 2, R* is reduced by a factor of 4. Then 
R? 5.52 x 10° _ : 
a = 4 = 1.38 x 10 


This is less than L/C =2 x 10° so the circuit will be underdamped. 


4-2.3 Frequency of Oscillations and Rise Time 


The frequency of the underdamped oscillation can be determined from the 
following resonance formula: 


adhe A Re | 
Is NDE AT eas) 


Note how the damping reduces the frequency below the series resonance 
formula | 


Returning to Fig. 4-8, note that the time for the waveform to first reach 
the magnitude of the final value E is 90° or one-fourth of a period. As 
mentioned in Chapter 1, the rise time is measured from 10% to 90% because 
of the difficulty in measuring from 0% to 100%. With the oscillation in the 
RLC circuit, the zero point is easy to determine as is the 100% point where 
the waveform first crosses E. Therefore, the rise time from 0% to 100% is 
equal to one-fourth the period of the oscillation 7, 


T 


1 
L0 — 4 an 4f (4-17) 


where f is expressed in Eq. (4-16). 
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Example 4-5 In an underdamped circuit, L =50 mH, C =0.01 pF, and 
R =2.2K. Find the rise time of the output from 0% to 100%. 


Solution 


5 Ge See a 
2m \50 x 10°32 x 0.01 x 10° 94x (50 x 1073) 


| 2x10" — 0.484 x 10° 


” Sie 
= 15.16 x 108 


= 6.2 kHz 
Pap 
= 1 
6.2 x 10° 
= 161 psec 


_f 
t= 4 — 40 LLSEC 


With minimum damping the overshoot can approach 100%. Assume an 
RLC circuit with a DC input voltage which can suddenly be switched ON as 
in Fig. 4-11. The DC voltage forms a positive step of amplitude E which can 
be doubled across C for a brief interval due to the overshoot. In other words 
a pulse of 10,000 V can be obtained from a DC of 5000 V. This principle has 
been used to obtain a high-voltage pulse for radar transmitters. 


4-3 DELAY LINES 


Several RLC circuits can be cascaded to form what is known as a delay line. 
Each section causes the input pulse to experience a small delay. By cascading 
the proper number of sections a given delay can be achieved. Figure 4-12(a) 
shows the schematic of a delay line and Fig. 4-12(b) shows the time re- 
lationship of the input and output pulses. The series resistance shown is 
actually the resistance of the inductor wire, not a separate component. 


4-3.1 Operation 


For best results, the RLC circuit should be close to critically damped. The 
waveform of the critically damped RLC circuit is shown in Fig. 4-10. As these 
waveforms are cascaded, the output of each section naturally becomes the 
input of the next. 
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load 
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jj Sa | - A 


Time 


Fig. 4-11. Use of an RLC circuit to double-input voltage. vc can be used as a high- 
voltage supply for a high-power pulse source. In this case, a cam-controlled switch 
initiates a periodic discharge of the capacitor into the load. | 


Note how the waveform in Fig. 4-10 requires a short interval before it 
deviates from 0 V. This means the input to the next section will not become 
appreciable until a short delay has transpired. Since the output of this section 
has appreciably the same waveform, the third section will experience the same 
delay, and so forth. This is shown in Fig. 4-13(a). 

On the trailing edge, the waveform descends in much the same way it 
increased. There is again a brief interval before the output voltage of each 
section responds to the input and this interval is perpetuated from section to 
section. [Refer to Fig. 4-13(b).| It is easy to see how adding sections will 
increase the delay. 


4-3.2 Distortion 


As can readily be seen, the waveform of the input to each section has a rise 
time and a fall time. Also in each section, due to the inertia produced by the 
inductance in conjunction with the charging time of the capacitor, the output 
waveform cannot “‘keep up with” the input. This causes the rise and fall times 
to increase along with the delay as the line is expanded. 
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Sections 
omitted 
in drawing 


oh 


Input 


(a) 


(b) 


Fig. 4-12 (a) Schematic of delay line. (b) Relation of output pulse to input pulse of delay 
line. 


As mentioned previously, since it is a winding, each inductance has a 
resistance. As current goes through this resistance, a small voltage drop oc- 
curs. This causes the pulse amplitude to drop from section to section. 

Figure 4-14 shows the input and output pulse of a three-section delay 
plus two intermediate pulses. Note how the increase in rise and fall times plus 
the decrease in amplitude add distortion to the pulse as it moves through the 
line. It looks as if the pulse gets a blow on its top with a hammer at each 
section. This limits the number of sections which can be cascaded and as a 
result the total delay. 


4-3.3 Example of Delay Line Application 


Delay lines have varied applications. One example can be found in the color 
TV set. In this application the delay line enables the chrominance (color) and 
luminance (brightness) signals to pass through their respective channels in the 
same interval of time. Without the delay line, the luminance channel, which 
has a wider bandwidth, would propagate faster. If the two signals were to take 
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Input 
sec. | 





Fig. 4-13 Section by section progression of delay in delay line. 


Input 


Pulse at 
intermediate 
sec. l 








Pulse at 
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oN 
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Fig. 4-14 Distortion of pulse as it moves through delay line. 
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different times to move through their channels, the color and brightness would 
not synchronize. 


4-4 DISTRIBUTED INDUCTANCE AND CAPACITANCE 


When the current in a wire changes suddenly, it induces a voltage in the wire 
which opposes the change in current which created it. This effect slows down 
the rate of current change and is known as self-inductance. Every wire has 
self-inductance distributed along its length. 

When two conductors are adjacent, they geometrically form a capaci- 
tance where the conductors form the plates and the insulation between them 
becomes the dielectric. As a result, between any two conductors there exists 
capacitance distributed along their parallel lengths. These conductors are 
mainly wires, ground shields, or printed wiring. Needless to say, there is 
distributed resistance along the length of every conductor. 


4-4.1 Effect of Distributed Capacitance on Rise Time 


Figure 4-15(a) shows the distributed resistance and capacitance of a trans- 
mission line connecting a pulse source to a load. The drawing represents the 
distributed parameters as dashed lines. Since the distributed resistance is 
generally very low compared to the impedance of the pulse driver, Rs, an 
approximation of the line can be assumed as in Fig. 4-15(b). 

Figure 4-15(b) is an integrating circuit. The response of an integrating 
circuit is explained in Sec. 3-7. Note the similarity to the output response of 
the line in Fig. 4-16. The rise and fall times of the output are 2.2RC [Eq. 
(3-18)]. This can appreciably distort the input pulse. 

The explanation presupposed a high impedance load resistance. A sig- 
nificantly lower value of R; will reduce the time constant, minimizing the 
deterioration in rise time. 





(a) (b) 


Fig. 4-15 (a) Distributed capacitance and resistance of transmission line. (b) Capaci- 
tance of line with negligible resistance. 
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Time 


Fig. 4-16 Pulse response of line with distributed capacitance. 


Example 4-6 The distributed capacitance between a conductor and a ground 
shield is 8 pF/ft. A pulse source with an internal impedance of 3000 { is 
driving the line. What is the rise time of the pulse across a high impedance at 
the end of this line if the line is 3 ft long? 


Solution 
a 2.2RC 
R = 3000 
C=3X8 pF 
t, = ty = 2.2 x 3000 x 24 x 10°” 


= 158 nsec 


4-4.2 How Distributed Capacitance Causes Pickup 


The distributed capacitance between adjacent lines can transmit a signal from 
one line to another. Figures 4-17(a) and 4-17(b) show two views of the circuit 
causing this effect. 

In Fig. 4-17(b) it is easy to see the differentiating circuit caused by the 
source, distributed capacitance and load resistor on another line. As explained 
in the previous chapter (Sec. 3-6) and demonstrated in Fig. 4-18, a step input 
to the differentiating circuit yields a spike across the load. Any component 
connected to line B is part of the load and picks up this spike. As a result, the 
spike may cause a circuit function which is not intended. 

It should be pointed out that the differentiated spike picked up on line 
B experiences the deterioration in rise time mentioned in Sec. 4-4.1. If this rise 
time becomes large enough, the spike will be filtered out. 


Example 4-7 A pulse source with 3000 © internal impedance drives a line 4 
ft long. Adjacent to this is another line connected to a load resistance of 5K. 
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(a) (b) 


Fig. 4-17 Distributed capacitance between two lines. (Line resistance negligible.) (a) 
Side view. (b) End view. 


If the distributed capacitance between the two lines is 8 pF/ft, what is the time 
constant of the spike across the load resistance? 


Solution 


t, = RC, 

R=3K+5K=8K 

C =4x 8 pF =32 pF 

i.=8x< 10° 32x10" 
= 256 nsec 








Positive step 
applied to line A 


Negative step 
applied to line B 


| 
| 

Spike on line B | Spike on line B 
ee 


(a) 
———_ > re 
- Time | = Time 
(b) 


Fig. 4-18 Spike transmitted through interwire-distributed capacitance. 
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4-4.3 Effect of Distributed Inductance on Rise Time 


Figure 4-19(a) shows a line with distributed inductance and resistance being 
driven from a pulse source with impedance R, and driving load resistance R;. 
Since this is a series circuit, all the resistance and inductance can be lumped 
together as in Fig. 4-19(b) where L is the total distributed inductance and the 
resistance of the line is negligible compared to R,; and R,. 

The voltage vp across the load R; has the waveform exhibited in Fig. 4-4. 
This shows how the rise time is adversely affected by the inductance. Numer- 
ically, the rise and fall times are equal to 2.2L/R. From this it can be seen that 
a high impedance source will lessen the deterioration. 


Example 4-8 The distributed inductance of a line is 0.2 wH/ft. The pulse 
source is 600 Q and the load resistance at the end of the line is 1K. Find the 
rise and fall time if the line is 4 ft long. 


Solution 


| Oe b= 2.2L/R 
L =4x0.2=0.8 pH 
R=1K+ 0.6K = 1.6K 


0.8 x 10~° 


Ge EP 


= 1.1 nsec 





(b) 
Fig. 4-19 (a) Distributed inductance and resistance of transmission line. (b) Inductance 
of line with negligible resistance. 


CHAPTER 4 4-4 Distributed Inductance and Capacitance 113 


Since these values were chosen to be reasonable, it appears the effect of 
distributed line inductance on rise time is small. 


4-4.4 Pickup from Distributed Inductance 


Two conductors with distributed inductance are shown in close proximity in 
Fig. 4-20. Since they are close, the magnetic flux around each conductor will 
link the other to form a transformer with very light mutual coupling. This 
means that a change in current through one conductor will induce a small 
voltage along the other. This induced voltage is a noise pulse which can cause 
undesired operation of any circuits connected to that line. 





Fig. 4-20 Mutual inductive coupling between two lines. 


4-4.5 Delay Due to Distributed Parameters 


A transmission line with distributed inductance, capacitance, and resistance is 
shown in Fig. 4-21. Comparing this with Fig. 4-12, we can visualize a delay 
line. This means that a pulse propagated down a transmission line experiences 
a delay as well as increased rise and fall time. | 

Since circuits activated at one pulse time must respond before the next 
pulse interval, the delay can limit either the allowable signal paths or the 
operating frequency of a digital machine. 





Fig. 4-21 Transmission line with distributed resistance, inductance, and capacitance. 
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4-5 THE PULSE TRANSFORMER 


Since a transformer transfers AC but not DC, it is a very useful device for 
coupling stages. Also, due to its turns ratio, the device can also be used to 
drive a low impedance load from a high impedance driver. 


4-5.1 Operation 


The transformer operates on the following principles: 


a. The primary current creates a magnetic flux. 

b. Due to the proximity of the primary and secondary windings, a large 
proportion of the primary flux also links the secondary winding. 

c. The rate of change of the primary flux linking the secondary induces 
a voltage in the secondary winding. 


Since the primary flux is proportional to the primary current, the second- 
ary or output voltage is proportional to the rate of change of the primary 
current.’ This, of course, is why the transformer cannot pass DC—there is no 
change in primary current. 

Keeping the change of current in mind, the primary current must have 
a consistent change to produce an output pulse with a flat top representative 
of the input pulse. Since the primary is highly inductive, it is part of an RL 
circuit with the resistance being that of the driver (see Fig. 4-22). The re- 
sistance of the primary is generally negligible. Being an RL circuit, the current 
waveform for Fig. 4-22 is the same as in Fig. 4-4. 

Now in Fig. 4-4, the current changes, but the change is not consistent and 
reduces to ~0 after five time constants. This would give an output pulse with 
considerable droop. However, if the time constant is considerably greater than 
the pulse width, a more consistent current change can be obtained. The 
exponential curve is shown in Fig. 3-2. From this curve it can be seen that the 


Primary 
inductance 





Fig. 4-22 Circuit of pulse source and transformer primary. 


*The faster the rate of change of the primary current, the higher the output voltage. A 
constant, or consistent, rate of change causes a constant output voltage. 
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Fig. 4-23. Primary current versus input pulse (t, = 0.25L/R). 


rate of the change is nearly constant for the 0.25 time constant. Fig. 4-23 shows 
the relationship between the input pulse voltage and the primary current 
where the pulse width is a 0.25 time constant. 

During the space between the pulses, the current decays back to zero. 
This means the current change is in the opposite direction producing a nega- 
tive overshoot in output voltage. Figure 4-24 shows the input voltage, primary 
current, and output voltage in proper time relationship where the pulse width 
is 0.25 time constant. Note that the output pulse approaches flatness due to 
the near constant change in input current. 


Input 
pulse 
O— a 
0 5 1.0 i 2.0 2.5 
Primary : 
current 
0 ee es. 
0 a) 1.0 1.5 2.0 2.5 
Output 
voltage 5 1.0 1.5 2.0 2.5 
0— 





Time constants 


Fig. 4-24 Transformer waveforms (ty = 0.25L/R). 
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Example 4-9 below reviews the principles discussed in addition to ex- 
plaining the nature of the overshoot. 


Example 4-9 The primary inductance of a pulse transformer is 20 mH. It is 
driven from a driver with 600 © internal impedance putting out a 5-V pulse. 


a. What is a reasonable maximum pulse width which will allow the rate 
of change of primary current to be nearly consistent? 

b. What is the average rate of change of current during this pulse width? 

c. When the pulse goes back to zero, what is the rate of change of 
current during the first 0.25 time constant after the pulse? 

d. Compare the rate of change of current in c with that of b and state 
why the overshoot is less than the pulse amplitude. 

e. As the time after the pulse increases, will the rate of change of current 
be greater or less than in c? 

f. How long will it take the overshoot to decay to zero? 


Solution 


a. The exponential curve for all practical purposes is nearly straight for 
the 0.25 time constant. This means the rate of change of primary 
current will approach consistency for that interval. Therefore, the 
pulse width should not exceed 0.25L/R, 


_ 20x 107 | 
0.25L/R = 0.25 x —— = 8.3 psec 


b. To find the current at t = 0.25t, or 8.3 psec, 
i=I(1-—e"*) 





where 

I == = aT =8.3 mA 

t = 8.3 msec 
t/t, = 0.25 
Therefore 

i=8.3(1-—e°*) 

= 1.83 mA 

at t = 8.3 psec. Also, i =0 att =0. 
Average rate of change during pulse width = as : 


= 0.22 mA/ psec 
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c. To find the current 0.25¢, after the pulse, 
pole" 


where / is the current at the trailing edge of the pulse equal to 1.83 
mA (see part b) and t/t, = 0.25. Therefore 


i =1.83e-°” 
= 1.42 mA 


after the next 8.3-usec interval. 


1.83 — 1.42 
8.3 
= 0.05 mA/ sec 


d. The rate of change of the primary current during the pulse (0.22 
mA/ sec) is about four times as great as the rate of change immedi- 
ately after the trailing edge (0.05 mA/wpsec). Since the secondary 
voltage is proportional to the rate of change of the primary current, 
the overshoot will only be about one-quarter the magnitude of the 
pulse. 

e. Inspection of the exponential curve [Fig. 3-7(b)] shows that the rate 
of change is maximum at the step and then decreases steadily with 
time. This is why the overshoot voltage decays. The rate of change of 
primary current decreases. 

f. The overshoot will decay to zero when the current reaches a steady 
value (zero in this case). This occurs in five time constants. 


Average rate of change immediately after pulse = 


4-5.2 Effect of Pulse Width 


When the input pulse reaches one time constant, the rate of change of current 
starts to fall off noticeably. This causes the secondary voltage to fall and the 
pulse output develops objectionable droop (see Fig. 4-25). 

When the pulse is wider, the current at the trailing edge is greater. This 
causes a greater rate of change of current when the pulse drops back to zero 
and increases the overshoot. 

If the pulse width exceeds five time constants, the current reaches its 
steady-state value and there is no further change. The output pulse then will 
decay to zero. Since the current reaches its steady-state value, the rate of 
change at the trailing edge will equal that at the leading edge.* This causes an 
overshoot identical to the pulse amplitude. Figure 4-26 shows the effect of a 
very long pulse. 


*This can be observed in Figs. 4-4 and 4-5. 
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Fig. 4-25 Transformer waveforms (ty = L/R). 


4-5.3 Inductance and Capacitance 


Since the droop is minimized by making the time constant greater than the 
pulse width, a high value of L/R is desired. Now the resistance is primarily a 
function of the drive circuit and not subject to change. As a result, a good 
pulse transformer has a high primary inductance which is accomplished by 
winding as many turns as practical. 

As discussed in Sec. 4-4, there is distributed capacitance along the length 
of adjacent conductors. This means there is capacitance between the turns of 
a transformer which is called interwinding capacitance. This effect is repre- 
sented by the transformer schematic in Fig. 4-27. 

Now whenever capacitance shunts inductance we have a resonant condi- 
tion. This means that a sudden voltage step, as occurs in a pulse, will cause a 
damped oscillation called ringing. An output pulse with ringing is shown in 
Fig. 4-28. 


4-5.4 The Dot Convention 
When the secondary winding is isolated, either terminal can be connected to 


the common: If one side is connected, a positive pulse can be obtained; if the 
other side is connected, a negative pulse is available. 
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Fig. 4-26 Transformer waveforms (t, = 5L/R). 


Now it is important when connecting to a transformer secondary to know 
whether to expect a positive or negative pulse. This is obtained with the dot 
convention. The dot convention applies a dot on the transformer schematic 
adjacent to the terminals that go to the lead windings of the primary or 
secondary. The lead winding is the first turn that is wound in the winding 
process. Since it is economically infeasible to do otherwise, all windings are 
wound on the bobbin in the same direction. 

To digress from windings to transformer operation, let us be aware that 
the induced secondary voltage, like any other induced voltage, is in a direction 


| | 
3 | 
l 
pals = 
i gi 
| | 
| | 


Fig. 4-27 Pulse transformer with interwinding capacitance. 
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Fig. 4-28 Ringing due to inductance and interwinding capacitance. 


to oppose the action that created it—namely, the change in primary flux. We 
then have the rate of change of secondary flux’ opposing the rate of change of 
primary flux. Since the flux is proportional to current, the primary and second- 
ary currents oppose each other. 

As a result of the opposition of primary and secondary currents, if the 
current goes into the lead winding of the primary, it comes out of the lead 
winding of the secondary. In other words, if the primary current goes into the 
dot, the secondary current comes out and vice versa. Figure 4-29 shows a 
transformer schematic using the dot convention, a pulse input, conventional 
current flow, and the polarity of the pulse across the secondary. 

Figure 4-30 shows an application of the dot convention. Inputs A and B 
are pulses varying between a positive amplitude and ground. The inputs 
cannot be positive simultaneously. The amplifiers are noninverting. ‘The pri- 
mary is center-tapped. A center-tapped primary is made up of two separate 
windings with the last turn of the first connected to the first turn of the second. 


Fig. 4-29 Current directions and voltage polarities. 


>The secondary current also produces a flux. 
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Fig. 4-30 Application of dot convention. 


This is the reson for the position of the dot at the center-tap. It represents the 
lead turn of the second winding. 

Figure 4-30(a) shows the directions of conventional current when there 
is a pulse applied to A. The current flows into the dot of the primary winding 
and out of the dot of the secondary. This causes current to flow into the 
secondary winding in the direction shown. Primary winding 2 (Pri 2) is 
unenergized. 

In Fig. 4-30(b) the pulse is applied to B. In this case the current flows in 
Pri 2 entering the terminal without the dot. This means current flows out of 
the dot at the center-tap to ground. As a result of the primary current flowing 
out of the dot, current flows into the dot of the secondary causing the second- 
ary current to reverse along with the voltage across R,. In this case primary 
winding 1 (Pri 1) is not energized. 


4-5.5 Impedance Transfer 


By virtue of its turns ratio, a transformer can intercede between a pulse driver 
and a load, and change the impedance as seen by the driver. This can reduce 
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the load current needed by the driver. Also, if the occasion demands, the turns 
ratio can be adjusted for maximum power transfer from driver to load. 


4-5.5.1 Driving a Low Impedance without a Transformer 


Figure 4-31 shows a pulse source with internal impedance driving a low imped- 
ance load. Figure 4-31(a) shows the source as a Thevenin voltage generator 
with no-load voltage E and internal impedance R,. Figure 4-31(b) shows the 
generator as a Norton current generator with short circuit current / and the 
same internal impedance R,. V is the output voltage of the source under load 
in both cases. With the Thevenin voltage generator [Fig. 4-31(a)| 


Ry 


V= R, +R, (4-18) 
From this equation it can be seen that as R; goes low, V goes low. 

With the Norton current generator 

V =2IR, (4-19) 


where R, is the parallel combination of R, and R;. As R; decreses, the parallel 
combination decreases, lowering V. 


4-5.5.2 Driving a Low Impedance with a Transformer 


A transformer has an impedance ratio which can be explained from the 
equation below: 


E, =n, (4-20) 


where E, is the secondary voltage, E, is the primary voltage, and n is the ratio 
of primary turns to secondary (n,/n,), 





(a) (b) 


Fig. 4-31 (a) Thevenin voltage source driving load and (b) Norton current source 
driving load. 
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I,=+], (4-21) 
Z,=— (4-22) 


Dividing Eq. (4-20) by Eq. (4-21) we get 


E, 5 
we 


Substituting Eq. (4-22), 
Z,=n’* Z, (4-23) 


This means that if the turns ratio n is greater than one, the secondary load 
resistance can be appreciably increased if connected to the primary. 

Figure 4-32 shows a transformer interjected between the load and driver 
in Fig. 4-31. Since the source now sees an impedance of n’R_, the loading is 
lighter and its output voltage increases. This can be demonstrated mathe- 
matically by substituting n*R, for R, in Eqs. (4-18) and (4-19). 

If n*R, is equal to R,, maximum power will be transferred to the load. 
The example below shows how a step-down transformer (n, >n,) can enable 
the increase of voltage and current to the load. This is because there is less 
power lost in the generator impedance. 


Example 4-10 An unloaded pulse source with 3000 © internal impedance 
puts out a 5-V pulse. 


a. What is the amplitude of the pulse if connected to a 200-( load? What 
current flows in the load? 





(a) (b) 


Fig. 4-32 Reduction of loading using transformer impedance transfer. (a) Thevenin 
voltage source and (b) Norton current source. | 
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b. If a transformer with a primary/secondary turns ratio of 5:1 is in- 
serted between the load and driver, what is the pulse amplitude of the 
driver? What current and voltage are delivered to the load?° 

c. What turns ratio is needed for maximum transfer of power to the 
load? What is the power? 


Solution 
Ve x5=0.31 V_ Volt load 
a. V =>500 + 3000 = 0. oltage across loa 
5 _ 
I= 00 + 3000 ~ 1.56 mA Load current 


b. Z, =5° x 200 = 5000 


7 —_ 3000 _ 
V=E, = 5900 + 3000 x5 = 3.125 V 
5 = 
I, = 5000 + 3000 = 0.625 mA 
I, = nI, =5 X 0.625 = 3.125 mA _ Load current 
E 
E,= = = we = 0.625 V Voltage across load 


Note that the load voltage and current are increased. 
c. For maximum power transfer 


Z, =n R, = R, 
n? 200 = 3000 

n= 15 

n = 3.87 
3000 7 

E,= 3000 + 3000 *> 7 ¥ 
- 5 = 

0000) 


Pmax = 2.5 X 0.83 = 2.08 mW 


Since the power out of a transformer equals power in minus internal 
losses, the power delivered to the load will be about 85% to 90% of 
the calculated input power. 


6 Assume input pulse is short and, as a result, the output pulse has negligible droop. 
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4-6 INTERRUPTING INDUCTIVE CIRCUITS—SPIKES 


Breaking current in an inductive circuit can produce large voltage spikes. 
These large voltages can fire spark plugs in car ignitions or cause failure of 
components by exceeding their voltage breakdown specifications. Also, these 
spikes can capacitively couple to other lines and cause unwanted operation of 
various circuits (see Sec. 4-4.2). 


4-6.1 The Spike 


Figure 4-33 shows an inductance which is switched on and off by a mechanical 
contact. When the switch is closed the coil current reaches a value determined 
by the input voltage and series resistance. When the switch opens, the current 
decreases according to the descending exponential shown in Eq. (4-7) which 
is repeated here: 


i= Ih e ti he 


where J) = E/R and t,= L/R. 

Note that when the switch opens, the series resistance R approaches 
infinity. This gives a time constant near zero as the current is interrupted 
immediately—unusual for an inductive circuit. 

Now, according to Faraday’s law, whenever the current changes, there 
is voltage induced across the coil that is proportional to the rate of change of 
this current: 


-e=L— (4-24) 


where Ai is the drop in current from Jp to 0 and At is the time for Ai to occur. 
Since the time constant approaches zero, so does At and the voltage ap- 
proaches infinity. 

Now infinity is a mighty high voltage, and naturally this is never attained. 
Instead the voltage gets high enough to break something down which, in this 





Fig. 4-33 Interrupting inductor current. 
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case, is the air gap of the opening contact. This breakdown causes a spark as 
current jumps the gap. Since there is voltage across the gap (which produces 
the spark) and current flow (in the form of an arc), there must be resistance 
across the gap. This resistance, part of L/R, causes a finite time constant. This 
then causes the current to take some time before reaching zero and slows the 
rate of change. As the rate of change of current slows, from Eq. (4-24) it can 
be seen that the voltage spike will reach a finite voltage. 

It must be pointed out that the finite voltage achieved can be quite high, 
often over 1000 V. Remember it has to be high enough to cause electrical 
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(mA) 





Pee Switch interrupts 
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Fig. 4-34 Waveforms-interrupting inductor current (with and without suppression). 
Solid line ( ), unsuppressed; long-dashed line (— — —), diode suppression; 
short-dashed line (----), resistance in series with diode. 
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breakdown somewhere in the circuit. In Fig. 4-33 the coil can be replaced by 
a transformer called a spark coil which is used to fire the spark plugs in a car 
ignition. The contact serves as the distributor point. The spark voltage is on 
the order of 10 kV. 

The spike formed by interrupting a coil has such amplitude that it is 
difficult to view it in the laboratory without endangering the oscilloscope. The 
ON current has to be carefully controlled and usually suppression must be 
applied across the coil. Suppression will be discussed in a later section. 

Figure 4-34 shows the coil current and voltage waveforms produced 
when the circuit is suddenly interrupted. The situation we have been dis- 
cussing is the unsuppressed condition represented by the solid line in the 
figure. 

It is not uncommon to control a solenoid or other inductive device with 
a transistor. When a transistor is suddenly turned off, it assumes a high 
resistance since only inverse leakage current flows. (More about this will be 
explained in Chapter 6.) This high resistance gives a very short time constant 
which causes a rapid reduction in current and subsequent large induced volt- 
age spike. This spike, if not suppressed, is easily sufficient to exceed the 
breakdown rating of the transistor. The breakdown causes the resistance of 
the transistor to decrease, slowing the current change and keeping the spike 
from going much higher. However, the damage has been done. Figure 4-35 
shows the circuit of a transistor interrupting an inductance and resulting cur- 
rent and voltage waveforms. 


Voc im) 
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Time 
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Vor (sat) 


Time 


Fig. 4-35 Interrupting inductor current with a transistor. 
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4-6.2 Suppression 


If a diode is placed across the coil in the direction shown in Fig. 4-36, as soon 
as the spike goes below ground [as in Fig. 4-36(a)] or above Vcc [as in Fig. 
4-36(b)], the diode becomes forward biased. When forward biased, the diode 
begins to conduct current at about 0.5 V and conducts heavily over 0.7 V. This 
causes a low resistance across the coil and provides a path for the energy to 
be released. Since the resistance of a forward-biased diode is low, L/R is 
appreciably lengthened, slowing down the rate of current change and reducing 
the spike. As current is increased, the diode resistance gets less, further 
slowing down the current change. As a result, the spike can be limited to about 
1 to 3 V depending on the diode, inductance, and initial current. This is shown 
as the long-dashed lines in Fig. 4-34. 

Note the long time to damp energy and return to zero current in Fig. 
4-34: if dropping out a solenoid, the time required may be prohibitive; if 
switching current in a head for magnetic pulse reproduction, the pulse defini- 
tion can be poor. A repetitive operation can leave energy in the coil at the end 
of a cycle. That may or may not be a problem. 

A compromise between spike amplitude and time to release current can 
be attained by putting a resistance in series with the diode. The result of this 
action is shown as a short-dashed line in Fig. 4-34. If the resistance is made 
large, the time of operation decreases but the spike gets greater. If the re- 
sistance is small, the spike is reduced but the time increases. An intermediate 
value of resistance can generally be attained which will give an acceptable 
release time without a damaging spike. 

A resistance by itself (no diode) can be used for suppression. However, 
in series with the current limiting resistance in the circuit, it forms a divider. 


Voc 


Location 


er of spike 


5 ~~ 


Location of spike 


(a) (b) 
Fig. 4-36 Diode suppression. 
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Fig. 4-37 Capacitor suppression. 


This voltage division may not let the coil get enough current to accomplish its 
function. 

A capacitance across the coil is not infrequently used to suppress the 
spike. This is how the condenser protects the distributor points from excessive 
arcing in the old style ignition system. Whenever inductance and capacitance 
are together, there is a resonance and a ringing occurs as shown in Fig. 4-37. 
The first cycle of ringing behaves like a circuit with diode-resistance damping. 
However, subsequent cycles lengthen the interval to completely remove en- 
ergy from the coil. 


SUMMARY 


When a positive step voltage is applied to an RL circuit, the current and 
resistor voltage follow the ascending exponential path. This is because the 
inductance provides an inertia which inhibits the change in current. At the 
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same time, the inductor voltage experiences an initial step and then descends 
exponentially. 

When the input voltage abruptly returns to its initial value (a negative 
step) the current and resistor voltage descend exponentially while the inductor 
voltage jumps negative and then descends in magnitude. 

The inductive time constant increases with inductance and decreases with 
resistance. It is numerically equal to L/R. 

The following happens in an RL circuit the same as in an RC circuit: 


The current and voltage ascend to 63.2% of the final value (or descend 
to 36.8% of the initial value) during each successive time constant. 


After five time constants the current and voltage will be within 1% of the 
final value. | 


If the time constant is appreciably longer than the period of the pulse, it 
will take several cycles before the peak and valley voltages and currents 
reach steady state. 


In an RLC circuit the response of the capacitor output voltage to a step 
input depends upon the relative magnitude of the circuit parameters. 


If R?/4L? is less than 1/LC, the circuit is underdamped. The response 
will start out sinusoidal and then experience overshoot with decaying 
oscillations (called ringing) before settling down to the new level. 


If R?/4L? is greater than 1/ LC, the circuit is overdamped. The response 
starts out sinusoidal and winds up exponential. The rise or fall time is 
relatively long and there is no ringing or overshoot. 


If R’*/4L? equals 1/ LC, the circuit is critically damped. In this case the 
response starts out sinusoidal, has a small overshoot, and quickly as- 
sumes the new level. 


A delay line consists of several critically damped sections of series in- 
ductance, series resistance, and parallel capacitance. The resistance is part of 
the inductive coil. Each section produces a small delay because the input from 
the previous section begins in sinusoidal fashion and takes an interval of time 
before it commences to appreciably rise or fall. In addition to the delay each 
section causes a small deterioration in rise and fall time and an attenuation of 
the amplitude. 

Since wires in close proximity form conductors separated by the di- 
electric of the media in between, there exists a capacitance between these wires 
distributed along their length. 

Since the change in current through a wire produces a change in flux, a 
voltage is induced in the wire which opposes the change in current. This causes 
a distributed self-inductance along the length of a wire. 
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Since the flux produced by the current in a wire links adjacent conduc- 
tors, like in a transformer, there is distributed mutual inductance between 


adjacent conductors. 

Distributed capacitance between a signal wire and a ground wire com- 
pletes an integrating circuit. The time to charge and discharge the distributed 
capacitance increases the rise and fall times of a transmitted pulse. 

It is possible for a sudden change of voltage on one line to couple through 
the distributed capacitance and be picked up on an adjacent line. In this case 
a differentiating circuit is formed and, due to the short time constant, the 
pickup becomes a noise spike. 

The distributed self-inductance of a signal wire in conjunction with the 
load resistance at its termination forms an RL circuit. This adds a small 
amount of rise and fall time to a transmitted pulse. 

Due to the distributed mutual coupling between adjacent lines, a sudden 
change of current in one line can induce a voltage spike on the other. 

When a pulse is applied to a pulse transformer, the output pulse will have 
a flat top if the rate of change of primary current remains essentially constant. 
This happens if the pulse width is less than one-quarter of the primary in- 
ductive time constant. 

As the pulse width of pulse applied to a pulse transformer increases with 
respect to the primary time constant, the rate of change of primary current 
attains a noticeable decrease causing the output pulse to experience droop. 

When the primary current no longer changes, the output voltage of a 
pulse transformer reduces to zero. 

The interwinding capacitance of a pulse transformer in conjunction with 
the inductance causes ringing on the output pulse. 

The dot convention applies a dot on a schematic to indicate the con- 
nection to the lead turn of a pulse transformer winding. Owing to the 180° 
phase reversal of primary and secondary current, if current goes into the dot 
on the primary it comes out of the dot on the secondary and vice versa. 

The input impedance between the primary terminals of a transformer is 
equal to the secondary load resistance multiplied by the square of the turns 
ratio where the turns ratio is the primary turns divided by the secondary turns. 
This gives a transformer the ability to match a high impedance driver to a low 
impedance load. 

When an inductive circuit is switched open and the current suddenly 
halted, a huge overshoot voltage occurs which causes arcing and/or the break- 
down of semiconductor components. This is because a voltage is induced 
equal to the product of the inductance and the rate of decrease of current. 
Since the circuit is opened suddenly, the rate of decrease of current is very 
high. 

By placing a diode across a coil, a circuit can be switched open and the 
overshoot held to a reasonable voltage. This is because the overshoot gives the 
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diode a forward bias, putting low resistance across the coil. The resistance 
gives the coil current a path and greatly reduces its rate of decrease. This is 
called suppression. 

Some applications require the energy in a coil to be dissipated within a 
certain interval of time. Diode suppression does not always allow this because 
it permits the inductor current to decay so slowly. A compromise between 
acceptable overshoot and a reasonable rate of energy release can be obtained 
by inserting resistance in series with the diode. 


PROBLEMS 


1. 2 mH 


av 1 us 
0 10k 


Fig. 4-38. 
a. Draw the waveforms across A and L. 
b. What is the current at the leading and trailing edges of the pulse? 
2. Replace L in problem 1 with a capacitance which will make the time 
constant the same. 
a. Draw waveforms across R and C. 
b. What is the current at the leading and trailing edge of the pulse? 
3. In problem 1, if R is increased, will the current rise faster or slower? 
. Find the rise time of the output pulse across R in problem 1. 
5. Reduce the pulse width in problem 1 to the time constant. Find the 
current at the trailing edge of the pulse. Also find the inductor voltage. 
6. If in problem 1, L is 20 mH and the input is a positive square wave with 
a period of 2 usec, find the current at the end of one period. Assume the 
input has just been applied and steady state has not been reached. 
cP | 680 3 mH 


> 


: 0.022 uF 


Fig. 4-39. 
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15. 


16. 


17. 


18. 
19. 
20. 
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a. Is the circuit underdamped or overdamped? 
b. Draw the waveform of vc 


c. What is the frequency of oscillation? 
d. What is t (the 0% to 100% rise time)? 


. Draw approximate waveform of vc in problem 7 if C is increased by a 


factor of 10. 


. Why is a delay line limited by the number of stages? 
. If the capacitance in a delay line is increased, will the delay increase or 


decrease? Why” 


. What problems are caused by distributed capacitance? 
. What problems are caused by distributed inductance? 
. What are the causes of distributed capacitance and distributed in- 


ductance? 


. The distributed capacitance between a conductor and a ground shield is 


12 pF/ft. If the pulse source has an internal impedance of 2500 0, what 
is the rise time of the pulse across a high impedance at the end of the line 
if the line is 6 ft long? Will a low impedance driver improve the rise time 
or make it worse? 

In problem 14 the line being driven is adjacent to another line which goes 
to a 10K load resistance. If the capacitance between the lines is 6 pF/Tft, 
what is the time constant of the spike across the load resistance? Would 
a high impedance driver lengthen or shorten the spike? Would it increase 
or decrease the amplitude of the spike? 

A 6-ft line has a distributed inductance of 0.3 wH/ft. The pulse source is 
600 © and the load resistance is 2K. What is the fall time of the pulse 
across the load resistance? How does the impedance of the generator 
effect the fall time? 


Fig. 4-40. 


What is the polarity of the pulse of P? 

Draw the waveform at P if the pulse is short. 

Draw the waveform at P if the pulse is long. 

To minimize droop, should the primary inductance of a pulse transformer 
be high or low? 
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21. 


22. 


23. 


24. 


aoe 
26. 
27. 


28. 


Assume the input pulse is short compared with the primary time constant 
of a pulse transformer. Why will the overshoot on the trailing edge of the 
output pulse be much less than the amplitude of the leading edge? If the 
pulse width increases, will the overshoot get greater or smaller? Assume 
there is time between pulses for the current to return to zero. 

A pulse source with 2000 © internal impedance drives a 100-Q load. What 
are the voltages and currents delivered to the load? FE = 10 V. 

Repeat problem 22 if a transformer with primary/secondary turns ratio 
8: 1is inserted between the generator and the load. What turns ratio will 
give maximum power transfer? 


FIs ¥ 


Fig. 4-41. 


Assume the transistor is on with Vo; = 1 V. Cut the transistor off and draw 
the approximate voltage waveform. 

What will the voltage in problem 24 do to the transistor? 

Show a means of reducing the spike in problem 24. 

Show a way of reducing the spike in problem 24 if the transistor is turned 
on and off periodically and the period is critical. 

Why does the condenser in a non-solid-state car ignition keep the points 
from burning up? 


Diode Switching Circuits 


The diode can be operated in two distinct states, forward biased or reverse 
biased. It passes negligible current when reversed biased but much greater 
current when forward biased. Also, the forward-bias voltage is very low. The 
negligible current is equivalent to being OPEN or OFF while the forward- 
biased or higher current is equivalent to being CLOSED or ON. In this 
manner the diode is similar to a switch and, with few exceptions, the diode is 
used in a switching application. Even the rectifier can be considered as a 
switch going ON or OFF as the applied voltage changes polarity. 

The diode has the ability to both limit voltages and establish levels. Two 
or more diodes can be joined at their cathodes or anodes to perform the logic 
AND and OR functions. These circuits, called gates, will be discussed in 
Chapter 8 along with other methods of gating. 

The low forward voltage of a diode is nearly constant. As a result, a 
diode can, individually or in series with other diodes, provide a desired con- 
stant voltage drop. In this application the diode is generally not required to 
switch. 


5-1 THE DIODE CHARACTERISTIC AND APPROXIMATIONS 


5-1.1 The 


The diode characteristic is undoubtedly a familiar sight to most readers. In this 
section certain aspects of the characteristic will be emphasized and approxi- 
mations derived which greatly simplify calculations. 


Forward Characteristic 


The diode forward characteristic is shown in Fig. 5-1. Note that the curve can 
be divided into three sections. From the origin to point A there is negligible 
conduction. This is because internally the barrier potential caused by the 
ionized junction both opposes and exceeds the applied potential V;. From A 
to B the external potential approaches and then slightly exceeds the barrier 
potential initiating a small but detectable level of current flow. This gives rise 
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Diode forward characteristic. 


Fig. 5-1 


to a nonlinear region on the curve called the knee. Above point B, V; is 


sufficiently high to cause considerable current flow. The current increases 
rapidly with very little increase in voltage. The curve in this region is approx- 


imately linear. 


When the diode is switched forward, it operates in the linear region of 
the curve. As a result of this, the characteristic can be simulated by two 
straight lines as in Fig. 5-2. This is called the piecewise linear representation 
and is accurate except at the knee. Since operation is rarely at the Knee, the 


piecewise linear representation can be employed in an overwhelming number 


of applications. 


With most silicon signal diodes, the linear portion of the curve, if ex- 


tended, 


will intercept the x axis near V;=0.7 V. There are exceptions, of 


course. The resistance of the linear portion is an AC resistance and is ex- 


pressed as 
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V (Volts) 
.. The most convenient points are at the extremities. 
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Fig. 5-2 Diode forward characteristic—piecewise linear. 


AV» 
Al; 


rf 


where AV; and AJ; are the respective variations of voltage and current between 


two points on the line 


and J; =0 mA), a right triangle can be drawn. The altitude is AJ; and the base 


Solution Taking the two endpoints of the near vertical line (at Jp=25 mA 
is AV;, 


Fortunately, the selection of these points also gives the greatest accuracy. 


Example 5-1 Find 7; of the simulated characteristic in Fig. 5-2. 


1+, was calculated for about 15 diodes between numbers 1N4087 and 1N4606 and found to 


vary from 0.75 to 60 2 with a concentration between 1.5 and 2.2 Q. 
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Alp=25-0=25 mA 
AV; = 0.91 — 0.70 = 0.21 V 


_ O21 
f 25 mA 





=8.40 


If 7; is known, V; for any current in the forward operating region can be 
calculated as follows: 


Ve =0.7+ AV; 
=0.7+ rp Aly 
=(0.7+ rely (5-2) 


where the intersection is assumed at V;= 0.7, Jr is the operating current, and 
Aly = [Tp - 0 = [p. 


Example 5-2 If 7;= 8.4 0, what is the forward voltage at a current of 10 mA? 
Solution 


Ve=0.7 V + (8.4 2 x 10 mA) 
=0.7V+84 mV 
= 0.784 V 


This can be checked by placing the 10-mA point on Fig. 5-2. 
The next example illustrates how the piecewise linear method can be 
used to find the forward voltage at any current when the specification gives 


only one point on the curve. 


Example 5-3 The forward voltage of a diode is specified V;>=1 V at Jr = 30 
mA. Find V; for a current of 20 mA. 


Solution 


AV; =1-0.7=0.3 V 
Al; = 30 -0=30 mA 


ARS 

ft 30 A 10 0 

Ve=0.7 V+ (10 9 x 20 mA) 
= 0.7 V + 200 mV 


=0.9 V 


139 


10 


20 


5-1 The Diode Characteristic and Approximations 
Vp (Volts) 


let us roughly approximate the curve by assuming a 


9 


30 


tic 


Therefore, in the great majority of switching circuits, the diode is repre- 
40 


Simple as the piecewise calculation is, it would be more convenient to 
sented in the forward direction as a singular voltage between 0.7 to 1.0 V. 


represent the forward voltage by one value for all values of operating current. 
be almost 20%. However, the diode forward voltage drop is generally much 
less than other voltages in the circuit, making the overall effect of the error 


constant voltage between 0.7 and 1.0. True, the error in this assumption can 
small. 

The diode reverse characteristic is shown in Fig. 5-3. From the origin to point 
A there is marked increase in current. However, since the reverse flow is 
minority current, saturation soon takes place and the curve flattens out at a 


Notice the small variation of voltage with current in the operating region. 


Bearing this in mind 


5-1.2 The Reverse Characteris 
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Fig. 5-3 Diode reverse characteristic. 
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current generally less than 100 nA. There is a slight slope due to minute flow 
around the junction, but this is negligible except in older diodes. 

As the voltage increases, the speed of the carrier and its accompanying 
kinetic energy increase. At a certain voltage represented by point B, the 
energy is sufficient upon impact to remove electrons from the valence band, 
or outer orbit, of another atom, producing additional carriers. These carriers 
experience the same acceleration and achieve sufficient energy to create fur- 
ther carriers. The net result is an extremely rapid increase in current. This 
occurs in the region beyond B, which is referred to as the avalanche or 
breakdown region. 

The switching diode uses the characteristic between A and B. The peak 
reverse voltage (PRV) is specified at a voltage less than B to avoid operation 
in the breakdown region. In the reverse region the current is consistent for the 
individual diode, a silicon signal-type having a value roughly between 10 and 
50 nA. As a result, a diode can be represented in the reverse direction as a 
constant leakage current which, in most cases, can be considered negligible. 


5-1.3 Reverse Recovery Time 


The diode chip is extremely small, but there is a finite distance between the 
anode and cathode terminals. The electron and hole carriers move very fast 
but they do take a finite time to transcend this small distance. A nanosecond, 
though a billionth of a second, is still an interval of time. 

Since majority current flows when a diode is forward biased, there are 
always large numbers of free electrons and holes moving across the junction 
into the opposite region. Since these carriers cannot move through these 
regions instantaneously, a sudden switch to reverse bias will leave a significant 
quantity of electrons in the p-region and a significant quantity of holes in the 
n-region. : 

Now the reverse bias causes the carriers to reverse their direction and 
begin minority current flow. Due to the number of carriers that were caught 
in the opposite region when switching took place, the minority current will, at 
that time, be quite sizable. It takes time to clear these excess minority carriers 
and bring the current down to the normal reverse leakage. This time is called 
the reverse recovery time. 

During the brief reverse recovery time, a large current flows through the 
diode. When this current flows through a load resistor, it produces a noise 
spike which can be large enough to 


1. break down a sensitive semiconductor junction; 
2. couple onto adjacent lines and cause unwanted operation of other 
circuits. 


The reverse recovery time is generally measured from the time of switch- 
ing until the reverse current reduces to 1 mA. The manufacturer specifies the 
value according to a certain test procedure. 
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Fig. 5-4 Reverse recovery time. 


Appendix 5-1 shows the waveform, maximum specification, and test 
conditions for the 1N3064. Notice that the test requires a 10-mA forward 
current before switching. Then the test circuit is adjusted so that the maximum 
reverse current is also 10 mA under a given condition of loading. The current 
at time of measurement (generally 1 mA) is referred to as J,,. The waveform 
is reproduced in Fig. 5-4 for the reader’s convenience. 


5-1.4 Summary 


In switching and other digital applications the operation of the diode can be 
represented as follows: 


If forward biased, the diode is ON and V; is a constant voltage generally 
between 0.7 V and 1.0 V with the anode positive. 


If reverse biased, the diode is OFF and Jp is a constant current generally 
between 10 and 50 nA. 


The diode is either a low forward drop or low reverse current. It is seldom 
represented as a resistance. 

When switched from forward to reverse voltage, the diode takes a very 
short but finite time to achieve the steady-state reverse current conditions. 
During this interval, an appreciable noise spike can occur across the load 
resistance. 


5-2 THE ZENER DIODE 


Notice in Figs. 5-1 and 5-3 that the avalanche or breakdown region is steeper 
than the operating part of the forward characteristic. This enables the diode 
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to be operated at a near constant voltage in the reverse direction. Diodes that 
take advantage of this property are called zener diodes and are used to main- 
tain a rated voltage across a load resistance. Voltage ratings generally corre- 
spond to the 5% series resistor values (i.e., 4.3, 4.7, 5.1, 5.6, etc.) and have 
a nominal spread from 3.3 to 200 V. 

It is to be pointed out that all silicon diodes exhibit this sudden current 
increase in the breakdown region.” The zener diode is intended for use in this 
region and is so specified. Signal diodes are intended to be OFF when reverse 
biased, and the PRV specifies the maximum reverse voltage which can be 
applied and still prevent reaching avalanche. 

The term breakdown region can be misleading. Some students take the 
word at face value and wonder how a zener diode can achieve its purpose 
without failure. Actual breakdown is caused by excess power dissipation. 
Power in the breakdown region is the product of voltage and current. As long 
as the current is below a certain value, the maximum power dissipation will not 
be reached. However, since the avalanche voltage is greater than the forward 
voltage, maximum power is reached at a lower current in the breakdown 
region. 

The reverse characteristic of the zener diode is shown in Fig. 5-5. There 
are three significant points on the curve. 


1,7 is the test current, where the nominal zener voltage Vz is measured. 


I,y is the maximum current, which occurs at maximum power dissi- 
pation. 


Izx is the knee current, where the curve begins to lose its steepness. 


The curve is considered steep above a nominal current 10/zx.. Operation is 
between this current and Izy. 


Example 5-4 Vz,=13 Vat19mA, Izy = 69 mA, and J7x = 0.25 mA. Find the 
range of the operating region. 


Solution The range of the operating region is from Izy to 10Izx. This is 
between 69 and 2.5 mA. 


5-3 THE SERIES CLIPPER 
5-3.1 Negative Series Clipper 


A series clipper is formed by inserting a diode between the source and the 
load. Figure 5-6 is an example. 


2 Zener diodes that “break down” above 5 V have the composition of signal diodes. Diodes 
that break down below 5 V must have heavier doping. As a result, in the latter case, breakdown 
is caused by force of electrostatic attraction instead of velocity. There is no subsequent avalanche 
and the curve is more rounded. 
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Fig. 5-5 Reverse characteristic—zener diode. 
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10-1=9V 


Vin — Vr 


When the input source is +10 V, the diode is forward biased. Since the 


diode has an assumed drop of 1 V with the anode positive, 


Vout 


nanoampere region flows. Since R; is seldom >100K and usually <10K in a 


semiconductor circuit, the drop across R; due to the leakage current is very 
input does not pass to the load, this is called a negative clipper. Refer to Fig. 


small, leaving Vii approximately at ground. Since the negative part of the 
5-6¢. 

Figure 5-7 shows the same circuit with the diode reversed. In this case the 
diode is forward biased when the input is negative and V,,, is also negative. 


With the input negative, the diode switches OFF and a leakage current in the 


5-3.2 Positive Series Clipper 
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(a) 


(b) 


(c) 


Fig. 5-6 Negative series clipper. V7 = 1 V. (a) Forward biased. (b) Reverse biased. (c) 
Clipping. 
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= ]0 


Fig. 5-7 Positive series clipper. V;=1 V. 


Vou = —10+1=-9 


Notice the diode raises the voltage since the anode is on the same side as the 
load. Now the positive input reverse biases the diode yielding ground on the 
output. This is a positive clipper since it clips off the positive portion of the 
input. 

The clipper clips off any voltage which tries to go above or below a 
certain value, depending upon the direction of the diode. If the input were a 
sine wave, the structure in either Fig. 5-6 or 5-7 would be called a half-wave 
rectifier. 


Example 5-5 


a. A differentiated square wave gives positive and negative spikes. (Re- 
fer to Fig. 3-15.) Connect a clipper circuit to the differentiator so that 
only the positive spikes are transmitted. 

b. Repeat for negative spikes. 


Solution 


a. The circuit is in Fig. 5-8. R, and C form the differentiator where 
RC <v¥ the period of the square wave. The diode and R, form a 
negative clipper. The negative spike cannot pass through to the out- 
put because a reverse-biased diode is in series. 

b. Positive spikes can be clipped out leaving only negative spikes at the 
output by reversing the diode to form a positive clipper. 


5-3.3 Filtering Noise 


Since diodes require a forward voltage of about 0.4 to 0.5 V in order to pass 
even a small amount of current, the series clipper will also block out low-level 
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Fig. 5-8 Differentiator and negative series clipper. 


noise. Figure 5-9 shows the input and output of a negative series clipper where 
the input includes a positive pulse and low-level noise. Notice that all spikes 
less than 0.5 V are removed. This is because their amplitudes are insufficient 
to switch the diode. The height of the pulse drops more than 0.5 V because 
the diode is in full conduction at this time. The forward drop in this case is 
assumed to be 1 V. 

If the spikes are greater than 0.5 V, the threshold can be raised by 
putting diodes in series as in Fig. 5-10. However, each additional diode re- 
duces the output pulse amplitude by an amount equal to the diodes V;. 





Time 
(a) (b) 


Fig. 5-9 Effect of negative clipper on low-level noise. (a) Clipper input. (b) Clipper 
output. 
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Fig. 5-10 Increasing noise threshold of negative series clipper. 


Example 5-6 How many series diodes are necessary to filter the maximum 
noise spike in Fig. 5-9? What would the amplitude of the pulse be if these 
diodes were added? Assume the diodes begin conduction at V;= 0.5 V and at 
full conduction have a forward drop of 1 V. 


Solution It would take at least three series diodes to block all the noise in F ig. 
5-9. Assuming a voltage drop of 1 V at full conduction, three series diodes 
would reduce the pulse amplitude to about 3 V. 


Using a positive clipper, low-level noise can be filtered out while passing 
a negative pulse. In fact, it is possible to pass pulses of both polarities while 
filtering out low-level noise by inserting shunt diodes in opposition in series 
with the load as in Fig. 5-11. 
5-3.4 The Biased Clipper 


The series clipper does not have to have a grounded load. In the following 
examples the load resistor is connected to a positive or negative voltage. 


Fig. 5-11 Filtering low-level noise—bidirectional. 
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Example 5-7 


a. Using Fig. 5-6(c), R; is connected to —5 V instead of ground. What 
are the levels of the output? 
b. Repeat a with R; connected to —15 V. 


Solution 


a. Upper level = +9 V as before; lower level = —5 V. 
b. In this case the diode is always forward biased. Considering the for- 
ward drop, the levels are +9 and —11 V. 


Example 5-8 


a. Using Fig. 5-7, connect R; to +5 V instead of ground. What are the 
levels of the output? 
b. Repeat a with R; connected to —15 V. 
ec. With what bias voltage will the circuit cease to clip? 


Solution 


a. Upper level = +5 V; lower level = —9 V. 

b. The diode is always reverse biased. The output will be a continuous 
—15-V level. | 

c. To fail to clip, the diode must be continually forward biased. Clipping 
will not occur with a bias of +10 V or higher. 


Example 5-9 


a. Should the circuit in Fig. 5-6 or 5-7 be used to limit positive signals to 
4 V? How should it be modified? 

b. Repeat a if the signals are negative. 

c. Can the same circuit be used to limit both positive and negative 
signals? 


Solution 


a. Use the circuit in Fig. 5-7 with R,; connected to +4 V instead of 
ground. 

b. Use the circuit in Fig. 5-6 with R,; connected to —4 V instead of 
ground. 

c. The same circuit cannot be used to clip both positive and negative 
signals. The series clipper can have only one clipping level—the bias 
on R,. The circuit in Fig. 5-11 does not clip. It eliminates low-level 
noise. Large signals will go through. 
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+10 Ry ia 
| mm I) 


10) 


Fig. 5-12 Positive shunt clipper. 


5-4 THE SHUNT CLIPPER 


The shunt clipper places the diode across the output instead of in series with 
it. It is more versatile than the series clipper, being able to clip at two levels. 


5-4.1 Positive Shunt Clipper 


A positive shunt clipper is shown in Fig. 5-12. When the input goes positive, 
the diode goes ON and limits V,,, to Vz. The series resistor R limits the forward 
current of the diode to a safe value. When the input goes negative, the diode 
switches OFF. With only the small leakage current flowing through R, the 
output voltage equals the input. 

Figure 5-13 shows the positive shunt clipper connected to a differ- 
entiator. In this case the positive spike is clipped off at the V; of the diode. R, 
is made large enough to avoid effecting the time constant of the differentiator. 
This is not difficult because R, C is small. 

The diode does not have to be biased to ground. Figure 5-14 shows the 
cathode connected to V,. Different values of V, are assumed in the examples 
below. 





Fig. 5-13 Differentiator and positive shunt clipper. 
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Fig. 5-14 Biased positive shunt clipper for Examples 5-10 and 5-11. 


Example 5-10 If the input in Fig. 5-14 is a +15-V square wave, assuming 
V; = 1, what are the output levels if the cathode is biased at 


a. +5 V? 
b. —5 V? 
Solution 


a. Upper level = 5 + 1 =6 V; lower level = —15 V. 
b. Upper level = —5 + 1 = —4 V; lower level = —15 V. 


Example 5-11 If Vou. is connected to a component and it is desired to protect 
that component from positive spikes exceeding 8 V with a shunt cUppEr, what 
bias should be applied at V,? Assume V;= 1. 


Solution 


Va + Ve=8, 
Veas-je7¥ 


5-4.2 Negative Shunt Clipper 


The negative shunt clipper is the same as its positive counterpart with the 
diode reversed. Figure 5-15 demonstrates this. When the input goes below V; , 
the diode switches ON and holds the output at Vz — Vr. With the input above 
V,;, the diode naturally switches OFF and the input voltage is uneffected in 
transmission. 


Example 5-12 If the input in Fig. 5-15 is a +12-V square wave, assuming 
V;=1 V, what are the output levels if the anode is biased at 


a. +4 V? 
b. —4 V? 
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Fig. 5-15 Negative shunt clipper. 


Solution 


a. Upper level = +12 V; lower level =4-—1=3 V. 
b. Upper level = +12 V; lower level = —4-—1=-—5 V. 


If the negative shunt clipper with Vz at ground were connected to the 
differentiator in Fig. 5-13, the output would be positive spikes with the nega- 
tive spikes being clipped off at —V~. 


Example 5-13 If it is desired to protect a component from negative spikes 
exceeding 10 V with a shunt clipper, what bias should be applied at V3? 
Assume V;=1 V. 


Solution 


Ve Ve = = 10 
Vg = —-10+1=-9V 


5-4.3 Dual-Level Clipping 
By connecting two diodes to the output, the combined effect of positive and 


negative clipping can be attained limiting both the upper and lower levels. A 
dual-level clipper is shown in Fig. 5-16. When the input exceeds V4, the output 





Fig. 5-16 Dual-level clipping. 
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is clipped off at V; + V;. When the input goes below V3, the output is clipped 
off at Vz — V>. 


Example 5-14 If the input to Fig. 5-16 is a +15 V square wave, again as- 
suming Vr-= 1 V, what are the output levels for the following combinations of 


V, and Vz? 
a. V,= +10, Vg= +5. 
b. Vi = +5, V3 = —5, 
ec. V,=—S5, Vg=—10. 
d. V,= +8, Vz = ground. 
Solution 
a. Upper level = 10+ 1=11 V; lower level =5—-1=4 V. 
b. Upper level = 5 + 1=6 V; lower level = -—5-—1=—-6 V. 
c. Upper level = —5 + 1= —4 V; lower level = —10-—1=~—11 V. 
d. Upper level = 8+ 1=9 V; lower level =O0-1=—-1 V. 


_ Example 5-15 _ If it is desired to protect a component from both positive and 
negative spikes exceeding 6 V by use of a clipper, what circuit should be used 
and what bias voltages should be assigned? Assume V;=1 V. 


Solution The dual-level clipper (Fig. 5-16) should be used. 


V,+Vr=+6V 
V,=6-1=5V 
Vz —-Vr=—-6V 


Ve=—-6+1=-5V 


Figure 5-16, in slightly modified form, is used to protect the sensitive 
gate of a CMOS circuit from static voltages in handling. This can be observed 
in Fig. 1 of Appendix 6-6. Diode D, is a positive shunt clipper connected to 
a bias of Vpp. Diode D, is a negative shunt clipper biased at Vs. 

Zener diodes in a series back-to-back connection can also be used to 
clamp at two levels. Figure 5-17 shows two zener dioodes in this connection. 
When clipping, one zener diode is forward biased and the other reversed. The 
output voltage cannot exceed the sum of zener breakdown voltage plus for- 
ward drop in either direction. This method has an advantage inasmuch as bias 
voltages are not required. Back-to-back zeners are used for protection in quite 
a few cases. Placement across the output of a pulse generator when operating 
with inductive loads is one example. They can also be used to suppress the 
spikes on AC-driven coils. An example of this would be Fig. 4-36(a) with an 
AC source and back-to-back zeners replacing the diode across the coil. 
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Voy + Vp 
| - 0 
— (Vp, + Vp) 






Fig. 5-17 Shunt clipper with back-to-back zener diodes. 


Example 5-16 If the zener diodes in Fig. 5-17 have a Vz of 12 V and V; of 1 
V, what are the clipping levels? 


Solution Vz7+ V-;=13 V. The circuit clips at +13 and —13 V. 


5-5 THE CLAMP—DC RESTORER 


When a positive pulse is applied to a differentiating circuit with a long time 
constant, the series capacitor blocks the DC component of the input, causing 
the average voltage of the output waveform across the resistor to be zero. This 
makes the output vary equally above and below the zero axis, changing the 
height of both the mark and the space. This is demonstrated in Figs. 3-10 and 
3-12. 

Also observe in Fig. 3-9 that it takes several cycles to lose the DC 
voltage. The output “‘creeps”’ from a positive pulse to its steady-state condi- 
tion. | 


5-5.1 Action of Clamp Diode 


The original ground level can be restored by the insertion of a clamp diode. 
The circuit is shown in Fig. 5-18 and the response in Fig. 5-19. Keep in mind 
that the time constant of the output pulse is relatively long. With a short time 
constant, the output approaches a spike and there is no need to clamp the DC 
level.” . 

Figure 5-19(b) shows the output waveform without the clamp diode 
present. Note that the negative step drives the output below ground and the 
instantaneous voltage after each complete cycle descends a small amount. 
After the waveform attains steady state, its DC component is 0. 


> Both positive and negative spikes would return to ground and the diode in Fig. 5-18 would 
clip the negative spike. 
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Fig. 5-18 Differentiating circuit (long RC) with clamp diode (positive clamp). 
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Fig. 5-19 Effect of clamp diode. (a) Input. (b) Output unclamped. (c) Output clamped 
to ground. , 
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With the diode present, the output voltage can drop only a small amount 
before forward biasing the diode. If the diode is forward biased 0.7 V or more, 
its resistance will be very low. This low resistance shorts out the resistor R, and 
provides a very low time constant discharge path for the capacitor. The capac- 
itor will then discharge rapidly. 

Keep in mind that the diode is nonlinear. When the forward voltage drop 
tries to go below 0.5 V (sometimes 0.4 V), the diode stops passing current and 
switches to a high resistance. When this happens, the capacitor discharge 
assumes the long time constant path through R, and the voltage for the rest 
of the discharge period is relatively “constant” at around —0.5 V. During the 
positive half-cycle the diode is reverse biased and switches out of the circuit. 
The effect of the diode on the waveform is exhibited in Fig. 5-19(c). 

The second cycle starts at —0.5 V and, owing to the switching action of 
the clamp diode when the output tries to go negative, ends at the same voltage. 
The overall result is: 


Each cycle starts at the same voltage. 
The lower level is maintained within a few tenths of a volt of ground. 


The output is clamped to the DC bias of the diode, in this case ground, which 
establishes the lower level. 


5-5.2 Polarity, Amplitude, and Clamp Level 


In the above explanation the lower level was held close to ground and the 
output went positive. This is a positive clamp to ground. By applying a nega- 
tive square wave to the input and reversing the diode, as in Fig. 5-20, a negative 
clamp to ground can be obtained. 

As previously mentioned, the clamp diode prevents a positive or nega- 
tive pulse from losing its DC component and aligning itself so that its average 
voltage is zero. Depending upon the polarity of the diode, a symmetrical input 
may be clamped so that either a positive or negative pulse emerges. 





Fig. 5-20 Negative clamp. 
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Example 5-17 A square wave generator generates a symmetrical wave with 
an amplitude of +10 V. How can a positive square wave be obtained and what 
amplitude can be expected? Is the clamping positive or negative? 


Solution If the square wave is put through a differentiating circuit with a very 
long time constant, the square waveform can be maintained. If the output is 
clamped as in Fig. 5-18, the negative portion of the input will forward bias the 
diode and limit the negative level to ~ —0.5 V. When the positive step of the 
input jumps from —10 to +10, the step is transferred through the capacitance. 
By transferring this sudden 20-V change, the output voltage jumps from —0.5 
to +19.5 V. The output levels are —0.5 and +19.5 and the p-p amplitude is 
still 20V. The clamping is positive. 


Notice that the peak-to-peak swing in output is the same as the peak-to- 
peak swing of the input. This is always true of a clamp circuit and distinguishes 
this circuit from a clipper. 


The clipper ‘‘clips off’ part of the input voltage and, as a result, reduces 
the total variation. 


The clamper changes the level positions while maintaining the total 
variation. 


Example 5-18 For the same generator and circuit as in Example 5-17, how 
can a negative pulse be obtained, and what are the levels? Is this a positive or 
negative clamper? 


Solution The square wave is passed through a differentiating circuit with a 
negative clamp diode as in Fig. 5-20. The diode forward biases when the input 
goes positive and holds the upper level to ~ +0.5 V. Maintaining the 20-V 
peak-to-peak swing, the lower level drops to —19.5 V. This is a negative 
clamper. 


The clamp diode does not have to be biased to ground. It can clamp at 
any voltage provided it can be forward biased. (See Fig. 5-21.) The clamped 
level of the output will differ from the bias voltage by the forward drop of the 
diode—in this case, ~0.5 V. An analogy can be drawn from the field of 
carpentry, remembering that height is also a potential. If a board is clamped 
to a workbench, the height of the bench is equivalent to the clamp bias, the 
thickness of the board is equivalent to the clamp diode forward drop, and the 
upper surface of the board is the output potential. 


Example 5-19 A square wave generator has a symmetrical output of +12 V. 
If this voltage is put through the circuit in Fig. 5-21 and clamped, what are the 
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(a) (b) 


Fig. 5-21 Biased clamper. (a) Positive clamp. (b) Negative clamp. 


output levels if the cathode of the clamp diode is connected to the following 
bias voltages? 


a. +7 VY; 
b. —5 V, 
ce. +15 V. 


Solution 


a. This is a negative clamper. [Refer to Fig. 5-21(b).] Upper level: 
7+0.5=7.5 V; lower level: 7.5 — 24 = —-16.5 V. 

b. This is again a negative clamper. Upper level: —5+0.5=—4.5 V; 
lower level: —4.5 — 24 = —28.5 V. 

c. The diode is always reverse biased since the cathode (+15 V) is higher 
than the peak anode voltage (+ 12 V). The output will continue to be 
symmetrical. 


Example 5-20 Repeat Example 5-19 with the bias voltages connected to the 
anode of the diode. [Refer to Fig. 5-21(a).] 


Solution 


a. This is a positive clamper. Lower level: +7 — 0.5 = 6.5 V; upper level: 
6.5 + 24 = 30.5 V. | 

b. This again is a positive clamper. Lower level: —5 —0.5=—S.5 V; 
upper level: —5.5 + 24= 18.5 V. 

c. The bias voltage is higher than either input level. However, this does 
not keep the diode forward biased at all times. When the input goes 
negative. 


Vou. = +15 -— Ve= 14.5 V 





158 Diode Switching Circuits CHAPTER 5 


Since the capacitor transfers the input step at the start of the sub- 
sequent positive half-cycle, 


Vout = 14.5 + 24 = 38.5 V 


This reverse biases the diode enabling the circuit to pass the wave- 
form. Lower level = 14.5 V; upper level = 38.5 V. 


Example 5-21 Using the input and circuit of Example 5-20, what diode 
polarity and bias would be necessary to sit a positive-going square wave on a 
—5-V level? 


Solution To get a positive pulse, the anode must be connected to the bias 
voltage. Allowing for a 0.5-V drop across the diode, the bias level must be 
—4.5 V. Lower level = —4.5—0.5 = —5 V; upper level = —5 + 24=19 V. 


5-6 CLAMPING DC LEVELS 


In Fig. 5-22(a) it is desired to provide two DC levels to the load. The transistor 
is a switch.* When it is ON, a low level close to ground is placed across the 
load. When it is OFF, the upper level comes from a voltage divider formed by 
the pull-up resistor R, and the load resistance R,. However, if the load re- 
sistance is subject to appreciable variation, it will be impossible to keep the 
upper level consistent. 

The above difficulty can be overcome with the insertion of a diode as in 
Fig. 5-22(b). The diode can forward bias and clamp the upper level to Vz + Vr 
when the switch is open, and reverse bias so as not to interfere with the low 
level when the switch is closed. To clamp, the divider by itself must provide 
a level greater than Vz + V; with the minimum load resistance present. This 
will assure the forward bias of the diode. Any increase in load resistance will 
merely divert more current through the diode while the voltage Vz + V> is 
maintained across the load. 

In this circuit the diode will be driven around the knee to the vertical part 
of the characteristic. V; will then be between 0.7 and 1.0 V. This is in contrast 
to the 0.5 V assumed for DC restoration in the previous section. In that case 
the diode conduction fell to a minimum after discharging the capacitor at the 
clamp level. 


Example 5-22A In the circuit of Fig. 5-22(a), Vec=15 V and R, = 1.8K. 
What is the variation in the load voltage if R; varies between 1K and 2.2 kQ)? 


‘4 Transistor switching is discussed in some detail in the next chapter. For now, assume a low 
collector—emitter voltage, between 0.7 and 1.0 V, when the switch is ON and a negligible current 
when it is OFF. 
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Fig. 5-22 Clamping a DC level. (a) Unclamped. (b) Clamped. 


Solution This is strictly a voltage divider problem 





JE a 
Veo Rit+R; 
Therefore, 
R, 
Ve (x + R,) Ye 
When R, = 1K, 
_ IK = 
VL TKS L eK * 15 =5.35 V 
When R,; = 2.2 KO, 
_ 2.216 _ 
aaa) ae) 


Example 5-22B How may the voltage level be maintained at 5 V for the same 
variation in load resistance? 


Solution A diode should be applied as in Fig. 5-22(b): 


Vi = Vea + Vr 
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Assuming V;= 0.7 V, 
Vg =5—0.7=4.3 V 
Example 5-22C What is the current variation in the diode? 


Solution When R, = 1K, 


I, =a = 5 mA 
Ig, =P = 5.55 A 


Using Kirchhoff’s current law, 
Ir, = Tr, oe I; 
Ip=5.55 —5=0.55 mA 


When R, = 2.2K, 


Tr, an =2.27 mA 


Tp, is still (1S — 5)/1.8K =5.55 mA, 
[p= 5.55 — 2.27 = 3.28 mA 
The diode current varies from 0.55 to 3.28 mA. 
Example 5-22D What would happen if the diode were put in backwards? 


Solution The cathode would be connected to the voltage divider which has 
a voltage variation from 8.25 to 5.35 V. The anode would be connected to 4.3 
V. The diode would be reverse biased for all conditions of load and have no 
effect on the circuit. 


5-7 USE OF A CLIPPER TO IMPROVE RISE TIME 


Figure 5-23(a) shows a transistor switch driving a line with distributed capac- 
itance. If the line has appreciable length, the distributed capacitance will 
become significant. Since the output is across the capacitance, the combina- 
tion forms an integrating circuit. The output of an integrating circuit with a 
short time constant is shown in Fig. 3-16(b). The time constant is short because 
the distributed capacitance is generally on the order of picofarads. However, 
even with a short time constant, there is some rise time in the output wave- 
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(a) (b) 


Fig. 5-23 Improving rise time with clipper. V2>V,. (a) Unclipped. (b) Clipped. 


form. Depending on the capacitance, the rise time may or may not present a 
timing problem. 

The rise time can be improved with the same time constant by increasing 
the supply voltage and clipping the line voltage swing at the desired level. The 
circuit with the clipping diode added is in Fig. 5-23(b). 

The advantage of the clipper circuit is demonstrated in Fig. 5-24. With- 
out the clipper, the capacitance charges up to V,. With the clipping circuit, the 
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Fig. 5-24 Comparative rise times—clipped versus unclipped. 
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capacitance attempts to charge to V;. Since the time constant is the same in 
both cases, charging to the higher voltage (V) will shorten the time needed to 
reach the clipping level (V:). The diode is biased a few tenths of a volt below 
V, to allow for the voltage drop. 


Example 5-23 


a. The resistance in Fig. 5-23(a) is 3.3K, the distributed capacitance is 


Solution 


20 pF, and Y, is equal to 5 V. Find 
1. the time for the line voltage to reach V;,; 
2. the rise time of the line voltage. 

. With the same resistance and capacitance the supply voltage is raised 
to 12 V and the line is clipped at V, as in Fig. 5-23(b). Find 
1. the bias voltage on the diode cathode; 
2. the time for the line voltage to reach Vj; 
3. the rise time of the line voltage. ~ 


a. RC =3.3K X 20 pF = 66 nsec. 


b. RC = 66 nsec as in a. 


1. It will take five time constants to reach V,. This is 330 nsec. 
2. From Eq. (3-18), t,=2.2RC. This is 145 nsec. 


1. To clip the line at Vi, the cathode must be lower than V, by the 


amount of the diode voltage drop. Assuming a drop of 0.7 V, 


V,—-Vp=5-0.7=4.3 V 


. From Eq. (3-15), 


_ E — Eo 
t=RC n= a 


where t¢ is the time for vc to reach V,, 





i oa V, =5V 
E=V%,=12V 
E,= 0. 
t = 66 In 5 - : = 66(0.54) = 35.57 nsec 


(This is approximately 3 time constant.) 


3. Since the curve is almost linear between 0 and 5 V, the rise time 
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(10% to 90%) ~0.8 x 35.57 ~ 28.4 nsec. This is a considerable 
improvement over the 145 nsec without the clipper. 


5-8 USING THE FORWARD DROP 


Quite often diodes are used in place of a resistor voltage divider to lower or 
raise a voltage in a circuit. Take the circuit in Fig. 5-25, for example. When 
either input A or input B is grounded, point C will be above ground from 0.7 
to 1.0 V due to the forward drop of diode D, or D). If it is desired to turn off 
Q, under these conditions, the base voltage of Q, must be lower than the 
voltage at C. The combination of D; and R, accomplishes this purpose. The 
resistance is chosen so that sufficient current flows through D; to bias it at a 
significant forward voltage. This drop, subtracted from the voltage at C, will 
bias the base-emitter junction of Q, so that negligible current flows. 


Example 5-24 


a. If the voltage at point C in Fig. 5-25 is 1.0 V and D;j is biased at a Vz 
of 0.7 V, what is the base-emitter voltage of the transistor? Does this 
cut off the transistor? 

b. What is the maximum R, which can be used if the base-emitter volt- 
age is to be held at 0.3 V or less? (Vgg = —6 V.) 





Fig. 5-25 Application of diode voltage drop. 
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Solution 


a. Vaz =1.0—0.7=0.3 V. This is not enough voltage to allow appre- 
ciable conduction. As a result, the transistor can be considered cut 
off. 

b. D; must have sufficient current to provide a V; of 0.7 V. Using Fig. 
5-1, this current cannot be less than 1 mA: 


R= 0.3 — (-6) _,, 0.3 
max mA 1mA 
In this application diode D; could be replaced by a resistor forming a 


voltage divider. However, the employment of the diode offers the following 
advantages: 


= 6.3K ~ 6.2K 


1. The divider voltage is effected by the tolerance of both resistors as 
opposed to the tolerance of the diode only. 

2. In integrated circuits a diode is easier to fabricate than a resistor. 
Diode voltage drops are used freely within the IC. 

3. Often, the required voltage drop is needed to compensate for a rise 
in voltage due to a forward-biased diode. This is the case in Fig. 5-25. 
As a result, the diode voltages can cancel each other out. 


If both inputs in Fig. 5-25 go to 5 V, point C will naturally go higher. This 
still leaves diode D; forward biased. In fact, diode D; is always forward biased. 
At one time, diodes failing to meet the PRV specification were redesignated 
by the manufacturer and sold for operation in the forward direction only. 

Since the diode forward voltage is seldom >1 V, it is not uncommon to 
put two or more diodes in series to increase the overall forward drop. 


SUMMARY 


When a silicon diode is forward biased, inappreciable current flows until 
the forward voltage reaches approximately 0.5 V. After this value is exceeded 
by a small amount, the voltage remains almost constant as the current in- 
creases rapidly. This “constant” voltage is generally between 0.7 and 1.0 V 
depending on the diode. As a result, when a silicon diode is switched forward, 
called ON, it can be represented as a low voltage. 

When a silicon diode is reverse biased, a small current (generally less 
than 100 nA) flows. As a result, when a diode is switched reverse, called OFF, 
it can be represented by a very low current. 

When the reverse bias is increased, a point will be reached where the 
current suddenly increases while the voltage remains essentially constant. This 
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is called the breakdown region and the peak reverse voltage (PRV) must be 
specified below this value. 

Since operation in the breakdown region is possible as long as the power 
dissipation is not exceeded, diodes called zener diodes use this region to 
provide a constant voltage drop called the zener voltage. A long list of zener 


diodes provides a comprehensive series of zener voltages. 


When a diode passing an appreciable forward current is suddenly reverse 
biased, carriers which started out as forward current and are still crossing the 
junction must be reversed. This causes a relatively high reverse current until 
these carriers are cleared. The time for this reverse current to decay to 1 mA 
is called reverse recovery time. 

If a diode 1s in series with a pulse source and a load resistance, it will pass 
current only when forward biased. When reverse biased, current to the load 
is blocked and the amplitude of the output pulse will be reduced. In other 
words part of the input pulse is clipped off before reaching the output. The 
circuit in this configuration is referred to as a series clipper. 

A negative series clipper, as the name implies, clips off a negative-going 
part of the input. Conversely, a positive series clipper clips off a positive-going 
part of the input. 

If the load resistance of a series clipper goes to a voltage other than 
ground, the clipper is called a biased clipper. 

If a diode is in parallel with the load resistance, clipping occurs when the 
source voltage forward biases the diode. This configuration is called a shunt 
clipper. 

If the cathode of the shunt clipping diode is connected to ground or 
another bias voltage, the circuit will clip when the input pulse goes positive 
with respect to the cathode voltage by the amount of the forward drop. This 
keeps the output from going more positive and the circuit is a positive shunt 
clipper. 

If the anode of the shunt clipping diode is connected to ground or 
another bias voltage, the circuit will clip when the input pulse goes negative 
with respect to the anode voltage by the amount of the forward drop. This 
keeps the output from going more negative and the circuit is a negative shunt 
clipper. 

Both positive and negative shunt clippers can be employed simulta- 
neously. This is known as dual shunt clipper. 

Dual shunt clipping can be attained with back-to-back zener diodes 
across the load resistance. This means two zener diodes in series oppositely 
polarized. When the input pulse goes positive beyond a certain point, both 
diodes conduct, one forward and the other at the zener voltage. When the 
input pulse exceeds a certain negative voltage, the same action occurs only 
with the opposite diodes. In this way the output voltage is limited to 
+ (Vz + V;), assuming the load resistance is grounded. 
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When a pulse is applied to a load resistor through a capacitor and the RC 
time constant is long, the pulse appears across the load resistor with the DC 
component removed. Although the p-p amplitude of the output pulse is the 
same as that of the input, the upper and lower levels are shifted. The DC 
component can be restored with a diode positioned across the load resistance. 
When the input causes the diode to forward bias, the output level is clamped 
to a fixed voltage. The diode is then switched OFF as soon as the input swings 
in the opposite direction, allowing the full peak-to-peak voltage to appear 
across the load resistance. By clamping one of the levels of the input pulse to 
a given voltage, the output can attain a DC component. Because of this, the 
circuit is also called a DC restorer. 

When the cathode of the clamp diode is connected to ground or a bias 
voltage, the positive level is fixed and the output pulse is free to swing in the 
negative direction. This is a negative clamp. Conversely, by connecting the 
anode to ground or a bias voltage, the negative level is fixed and the output 
pulse is free to swing positive. This is a positive clamp. 

Although in the same position as a shunt clipper, the clamp circuit differs 
in that the entire pulse amplitude is transferred to the output. This is because 
of the series capacitor. 

By connecting a diode to a line, the line voltage can be limited to a certain 
level. If the anode is connected to the line, the cathode bias determines the 
maximum level. Similarly, by reversing the diode, the anode bias determines 
the minimum level. 

By charging capacitance from a higher voltage source and clipping at the 
desired voltage level, the clipper can be used to appreciably decrease rise time. 

Diodes are sometimes operated entirely in the forward direction to 
utilize the forward voltage drop. The drop can be increased by putting several 
diodes in series. 

Since it takes about 0.5 V to make a diode conduct, series diodes can be 
used to provide noise immunity. 


PROBLEMS 


1. What voltage must be applied across a diode in the forward direction 
before appreciable current flows? 
2. Using Fig. 5-1, what is the DC resistance of the diode at Ip =5 mA and 
3. Why can a forward-biased diode not be represented by a resistance in a 
circuit? 
4. a. What is meant by piecewise linear? 
b. Where is the piecewise linear representation of a diode accurate? 
c. Where is it inaccurate? 
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. A diode is rated at V>=1 V at [p-=50 mA. Find: 


a. The AC resistance ry. 
. Vat 35 mA. 
. What is the variation of V; in the operating region of Fig. 5-1? 
. Why can the diode be approximated in the operating region by a single 
voltage? Give two reasons. 
c. When a diode is approximated by a single voltage in the forward 
direction, what is the range of the approximation? 


ass ™ 


. What is the resistance of the diode in Fig. 5-3 when Vg = 10 V and when 


Vp = 30 V? 


. a. Why can a reverse-biased diode not be assumed to be a resistance in 


a circuit? 

b. How should a reverse-biased diode be represented in a circuit? What 
is this value in Fig. 5-3? Roughly, what is the range of this value which 
can be expected for a silicon signal diode? 


. What does the abbreviation PRV mean? Estimate a value for this quantity 


in Fig. 5-3. 

In Fig. 5-26, points A and B are, respectively, + 12 and +4 V with respect 
to ground. Assume R = 2K. 

a. Is the diode ON or OFF? Why? 

b. What current flows through R? Make necessary assumptions. 





Fig. 5-26. 


Repeat problem 11 if point B is +20 V. 

What type of diode uses the breakdown region, and what is another name 
for this region? 

A zener diode has the following ratings: Vz=27 V, Iz,=0.25 mA, 
I77=9.5 mA, and Izy = 34 mA. 

a. What do the three current readings indicate? 

b. Over what current region can the rated Vz be assumed with accuracy? 
Replace the diode in Fig. 5-26 with the zener diode of problem 13. Put 
point B at ground and apply 36 V to point A. What resistance is required 
to obtain Iz? 

Turn the diode in problem 14 around. What current flows in the circuit? 
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16. Could the circuit in Fig. 5-26 be used as a series or shunt clipper? Would 
it be positive or negative and why? What popular AC circuit has the same 
configuration? 

17. Assume the pulse in Fig. 5-27 to be applied to point A in Fig. 5-26. What 
are the upper and lower levels of the output pulse if point B is 
a. at ground; 

b. +5 V; 
C. =I V7 


15 


—15 
Fig. 5-27. 


18. Repeat problem 17 with the diode reversed. 
19. a. How many diodes should be in series with the diode in Fig. 5-26 to 
block low-level noise? Assume B is at ground and that the noise level 
will not exceed 2 V. 
b. If a 5-V positive pulse is applied to the circuit in problem 19a, what is 
the amplitude of the output pulse? 
20. a. How should Fig. 5-26 be modified to block out low-level negative noise 
while passing negative pulses? 
b. How should Fig. 5-26 be modified to block out low-level noise while 
allowing higher-level signals of both polarities to pass to the output? 
21. The pulse in Fig. 5-27 is the input of Fig. 5-28., What are the upper and 
lower output levels under the following conditions of voltage bias at points 
A and B? 





Fig. 5-28. 

a. V, = ground, V; disconnected. 
b. V, = +10, Vz disconnected. 

c. V, = —10, Vz disconnected. 

d. Vz = ground, V, disconnected. 
e. V;= +10, V, disconnected. 
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f. Vz;=—10, V, disconnected. 

g. Vi = FO; Vz = =. 

h. V,= +5, V;= ground. 

i. V,= ground, Vz= —S. 

What problem would occur in Fig. 5-28 if Vz were higher in potential than 
V4? 

The input to a gate of a MOSFET is to be held within 10.7 V in the positive 
direction and 0.7 V in the negative direction. Show a dual-level clipper 
with bias voltages which will offer the necessary protection. 

How can a zener diode be connected to offer the same protection? What 
avalanche voltage should the diode have? 

A differentiator puts out both positive and negative spikes. Eliminate the 
positive spike with 

a. a series clipper; 

b. a shunt clipper. 

Why is a clamp circuit also called a DC restorer? 

What is the difference in function between a clamper and a clipper? 
What happens to the DC level if a positive square wave is passed through 
a long time constant differentiating circuit? How may the positive pulse be 
restored? Do not forget diode polarity. 

A square wave generator puts out a 12-V p-p waveform symmetrical 
around ground. How may this be converted to a negative pulse of the 
same p-p amplitude? 

In problems 28 and 29 which is a positive clamper and which is negative? 
The pulse in Fig. 5-27 is applied to the circuit of Fig. 5-29. The time 
constant RC is long. What are the upper and lower output levels if V, 
equals 

a. +5 V; 

be = 3 V7 

Is this a positive or negative clamper? 





Fig. 5-29. 


Repeat problem 31 with the clamp diode reversed. 
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33: 
34. 


35. 


36 


ais 


38. 


39. 


40. 


Can the clamp circuit operate in Fig. 5-29 if V, is higher than the upper 
level of the input? Why or why not? 
It is desired to raise the lower level of the pulse in Fig. 5-27 to —7 V while 
maintaining the same peak-to-peak voltage. How can this be done? 
Repeat problem 34 for 
a. a lower level of +3 V; 
b. an upper level of +10 V. 
In problems 34 and 35 is the capacitance transferring the change in voltage 
from one side to the other? 
a. How may V, in Fig. 5-30 be maintained at 5 V without changing the 
resistors? 7 
b. Will V; change appreciably if the 22K resistor is dropped to 15K? 
c. When R, is reduced from 22K to 15K, will the following currents 
increase, decrease, or remain the same? 
1. The current in R;. 
2. The current in Rp. 
3. The diode current. 
d. What is V, if the diode is reversed? 


+ 12 





Fig. 5-30. 


a. The capacitance in Fig. 5-31 is distributed. If appreciable, how does it 
effect the output pulse? 

b. How may the rise time of the output pulse be dramatically improved 
without changing R? 

If in Fig. 5-31, R =2.7K, Vcc =5 V, and C = 30 pF. Find the rise time of 

the pulse on the line if the transistor is suddenly cut off. 

Find the rise time in problem 39 if Vcc is raised to 15 V and the line voltage 

is clipped at +5 V. What is the polarity and bias of the clip diode? 
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41. 


42. 


43. 


44. 
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Fig. 5-31. 


Are diodes that do not switch ever used? What is the application? Are 
they forward or reverse biased? 

In Fig. 5-26, point A is at a level of 1.5 V and point B is at —12 V. What 
is a convenient way of getting V,, not to exceed ground? What influences 
the resistor value? 

Using Fig. 5-1, what is the maximum resistance which can be used in 
problem 42? Assume each diode has the same forward drop even though 
this will probably not happen in practice. 

What advantage does the method employed in auc 42 have over a 
resistor voltage divider? 
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APPENDIX 5-1: Diffused Silicon Switching Diode. 


WHISKERLESS, DOUBLE-PLUG CONSTRUCTION 


mechanical data 


The glass-passivated silicon wafer is encased in a hermetically sealed glass package. The high-temperature 
bond between wafer and leads ensures integral positive contact under extreme environmental conditions. 


ALL DIMENSIONS IN INCHES 


DUMET 


0.180 MAX 


0.020 * 0.001 | 
0.220 —— ee 


CATHODE END IS DENOTED BY COLOR BANDS 





absolute maximum ratings at 25°C free-air temperature (unless otherwise noted) 


*Veu Peak Reverse Voltage . . . . . 1. 1. ee eee 75 V 
lr Steady-State Forward Current at (or below) 25°C Free-Air Temperature (See Note 1). . 115 mA 
lemisurge) Peak Surge Current, One Second (See Note 2) . Sy hes, ae) AE ee . 500 mA 
lem(surge) Peak Surge Current, One Microsecond (See Note 2). . . . . . 2... we ee 2A 

<P Continuous Power Dissipation at (or below) 25°C Free-Air Temperature (See Note 3). . 250 mW 

*T ste Storage Temperature Range. be Ae -Gs a, & mh Sek le —65°C to 200°C 

*T, Lead Temperature “%s Inch from Case for 2 Seconds . . . . . . . . . ee 6 250°C 


*electrical characteristics at 25°C free-air temperature (unless otherwise noted) 


[PARAMETER ——S=~*~*~*~*~*~YC~C*TEST- CONDITIONS [MIN MAX | _ UNIT 
Vier) Reverse Breakdown Voltage I; = 5 pA ae eae 
| Va = 50 a ee as 

" |Ve=50V, T= 150° | 100 | vA | 

[We StaicFowerdVotoge———SSS~d i= mA TSC 

eee 
= eee 































Static Reverse Current 


F 
Qyr Temperature Coefficient of Static Forward Voltage lc = 10 mA, See Note 4 mV/deg 
C; Total Capacitance Ve=0, f=1MHz | pF 


*operating characteristics at 25°C free-air temperature 


PARAMETER TEST CONDITIONS 


ter Reverse Recovery Time Ir = 10mA, lew = 10 mA, RL = 100 2, 


C = 10pF, i, = 1 mA, See Figure 1 


Vem(rec) Forward Recovery Voltage le = 100 mA,  R, = 502, See Figure 2 


ee mi Ve = ZY, R= 5k, C, = 20 pF, é 
Nr Rectification Efficiency Leource = 50.0, f = 100 MHz 45 % 


NOTES: 1. These values may be applied continuously under single-phase 60-Hz half-sine-wave operation with resistive load. Derate linearly to 0 at 150°C free-air temperature. 









[MIN MAX [UNIT] 









2. These values apply for the specified square-wave pulse with the device at nonoperating thermal equilibrium immediately prior to the surge. 
3. Derate linearly at the rate of 1.5 mW/deg. 
4. Temperature coefficient, qyg, is determined by the following formula: 


Ve @ 150°C — Ve @ -55°C 
150°C — (—55°C) 


QVF 
Trademark of Texas Instruments 
*Indicates JEDEC registered data 


Courtesy of Texas Instruments. 
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APPENDIX 5-1 (continued) 


PARAMETER MEASUREMENT INFORMATION 


0.05 pF 


Adjust for 
lp = 10 mA 








0 
Adjust amplitude 
for Ipm =10mA 
INPUT VOLTAGE WAVEFORM OUTPUT CURRENT WAVEFORM 


FIGURE 1 — REVERSE RECOVERY TIME 


NOTES: a. The input pulse is supplied by a generator with the following characteristics: Lot = 500, t, < 0.25 ns, to = 100 os. 
b. Output waveform is monitored on an oscilloscope with the following characteristics: iL. < 0.35 ns, 7, = 502. 








INPUT Adjust amplitude 


for Ip = 100 mA 


50 Q 
INPUT OUTPUT 


OUTPUT 


D.U.T. 
VeEM (rec) 






TEST CIRCUIT VOLTAGE WAVEFORMS 


FIGURE 2 — FORWARD RECOVERY VOLTAGE 


NOTES: c. The input pulse is supplied by a generator with the following characteristics: Z,,, = 50 0, t, < 20 ns, 1) = 100 ns, PRR < 100 kHz. 


d. Output waveform is monitored on an oscilloscope with the following characteristics: t, <0.4ns, R., > 1MQ,C,, < 5 pF. 


Courtesy of Texas Instruments. 
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The Transistor Switch 


Like the diode, the transistor can also be operated in two distinct states, 
enabling it to perform as a switch. When operated as a switch, the transistor 
is generally in the common-emitter configuration with the input base signal 
controlling the output current flow. 

The transistor switch is OPEN or OFF when the input signal cuts off the 
emitter-to-collector current. It is CLOSED or ON when the input signal 
forward biases the base-emitter junction causing appreciable current to flow 
between the collecter and emitter. In a majority of cases the transistor in the 
ON condition is driven into saturation resulting in a very low collector-to- 
emitter output voltage. 

When the transistor is used as a switch, there is a 180° relationship 
between input and output. For this reason the transistor switch is also called 
an inverter. 

The waveform of the transistor switch consists of two steady-state levels 
separated by a transient. The parameters are mainly DC, and the steady-state 
conditions are easy to ascertain from the characteristic curves. The transient, 
which affects the speed of operation, is more involved and requires a separate 
explanation. 

Today’s transistor switches are usually either bipolar or enhancement 
MOSFET. The latter includes the complementary symmetry type called 
CMOS in which p- and n-channel transistors operate in tandem. The JFET 
and depletion MOSFET are not widely used for switching. 

Although discrete switches are relatively rare today, a knowledge of 
their function is a great help in understanding the operation of the digital 
integrated circuit. 


6-1 CHARACTERISTIC CURVE AND OPERATING POINTS 


Figure 6-1 is a transistor switch. 


Vout = Veco - Rylc (6-1) 
Tp = (Vin — Vez) / Re (6-2) 
174 Ic = hrels | (6-3) 
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Fig. 6-1 Transistor switch. 


Figure 6-2 shows the load line of the above circuit on common-emitter output 
characteristics. | 
Figure 6-3 shows the transistor input characteristics. From this it can be 
seen that the V;, of the transistor closely resembles the forward drop V; of a 
diode. This is not unexpected since both are across forward-biased junctions. 
Assume V,, has two values, +5 and ground. When it is +5, estimating’ 
Ver from Fig. 6-3 and using Eq. (6-2), 


Iz = (5 — 0.68) /47K = 92 pA 


This base current causes an operating point which is indicated as Q, in Fig. 
6-2. With the input at ground, J; is approximately 0 wA and the operating 
point is Oz. | 

Notice that Q, is in the saturation region at a very low CE voltage. In 
this condition the switch is ON. Conversely, the switch is OFF at Qs which is 
in the cutoff region. In the cutoff region Jc is very small and the output voltage, 
Vor ad Voc ; 1S high. 

With a mechanical switch, the voltage across the contacts in the ON state 
is zero. In the OFF state it passes zero current. The transistor switch is not 
perfect. There is a low voltage across it when ON, and it draws a very small 
current when OFF. However, these imperfections can easily be designed 
around and are totally insignificant when you consider the advantages in 
speed, size, and cost. 


‘The estimate can be confirmed after finding Q., in Fig. 6-2. Q, is the operating point when 
the switch is ON and occurs when J; is in the region of 90 pA at a Veg of 0.5 V. 
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6-2 Cutoff 
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3 Transistor input characteristics—common emitter. 


. 6- 


Fig 


tions of the base and emitter. A summary of these currents is shown in Table 


each definition having a different value. Examples of the magnitude are 


9 


1 
illustrated in Appendixes 6 


6 


increase 


and 6-3. Note that these values 


? 


ys 


6 
with the power rating of the transistor due to the increased size of the junction. 


? 


-1 


4 shows the circuits to produce the various cutoff conditions. 


IcBo 


Figure 6 


Icgo is the nearest condition to complete cutoff. This is the current 


between the base and collector with the emitter open. With the emitter open 


the current is the diode leakage through the base-collector junction. Figure 
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TABLE 6-1 Cutoff Currents 





Ico Vee Tz Iz Ic 

IcBo Open 0 —Icro Icpo 

Ices 0 Approximated above 

Icev Rev Izev (Izzo) Icev + Ipev ~IcBo 

(Icex) (or Iz) 

Icrr Ices conditions when R — 0, [ceo conditions when R —> © 
I ceo : (Are + 1)Icro 0 (Are + 1)IcBo 


* Ver is forward biased from the internal current (hrs + 1) Icgo crossing the base-emitter junction. 


6-4(a) shows the path of this current. Observe it is in the opposite direction to 
the base current required to turn the transistor on. 


| CES 


If the base is shorted to the emitter, a minute fraction of the base current 
is diverted to the emitter where it is multiplied by B (or hzg). The collector 
current under these conditions is known as Jcgs and is just slightly higher than 


Iczo. 
Icrx OF Icey 


In actual operation the emitter can neither be opened or shorted to the 
base. However, the equivalent collector current can be approached by reverse 
biasing the base-emitter junction. This current is referred to as either [cry or 
Icex While the reverse bias is called Vpzz (off). (Refer to Appendixes 6-2 and 
6-3.) A very small amount of current flows across the reverse-biased BE 
junction and is called Igpy or ~ Iggo. 


I ceo 


Icgo is the current from collector to emitter with the base open. With the 
base open the leakage current crossing the base-collector junction Ic¢go has to 
flow through the base from the emitter. When current flows from the emitter 
to the base, it gets multiplied, and an additional 8 times the original amount 
flows from the emitter to the collector. As a result, 


Icro = (Are + 1) Iceo ~ hrel ceo (6-4) 
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Vee 
Ico 
- open 
(a) 
Vee 
Log O 
open 


(d) 


(b) 
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Vo C 





(e) 


Fig. 6-4 Cutoff currents. (a) lcBo. (b) lees. (C) Icey also Icex. (d) ceo. (e) lceR. 


This is the largest of the cutoff currents. Since the base current is 0 with 
an open base, Icgo is the bottom line of the common-emitter output character- 
istic and the cutoff region lies below this value. Of course, it is as impractical 
to open the base as it is the emitter. However, note from Fig. 6-3 that no 
appreciable base current is drawn (at Vcg > 1) until the base-emitter forward 
bias exceeds 0.5 V. As a result, an approximate Jc¢go can be attained with Vp 


slightly forward biased. 


Iceo is the most likely cutoff current listed for power transistors. In that 
case the value will be relatively large due to the size of the junctions. 
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Ice 


In actual operation there is a resistance between the input and the base 
(Fig. 6-1). If the input is brought to ground for the cutoff condition, the 
resistor effectively appears between the base and the emitter as in Fig. 6-4(e). 
This gives rise to the condition known as Icgr. The magnitude of Ic¢gr depends 
on the value of the resistance, approaching /cgs when R is very small and [ceo 
when R is very large. 


6-2.2 Effect of Cutoff Current 
In the cutoff region Eq. (6-1) can be rewritten 
Vee = Vee— Rico 


where [cg can be any of the aforementioned cutoff currents. This effect for two 
of the cutoff currents is shown in Fig. 6-5. 

For general-purpose switching transistors like the 2N4264 in Appendix 
6-3, the cutoff current is very low. Even multiplying [cgo by Nrg to obtain Icro 
(assuming Icgy ~ Icgo) would not produce a current greater than 16 pA. As a 
result, the voltage drop across an R, of 4.7K would be less than 100 mV so 
Vee = Vec at cutoff. 

With power transistors the leakage can be appreciable. For example, 
with the medium power 2N4237, Iczo can be 0.7 mA. This produces a voltage 
drop of about 3 V across the same R_. If this drop is a problem, the cutoff 
current can be reduced to Icgy by reverse biasing the base-emitter junction. 


Example 6-1 Using the 2N4013, what is the minimum output voltage that can 
be expected when the transistor is cut off as shown in Fig. 6-5(a)? Voc = 12, 





(a) (b) 
Fig. 6-5 Switch in cutoff. on oo Vee = Vcc a lco R,. 
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Solution The cutoff current is Jcgr since the grounded input puts RK, across 
the base-emitter junction. The rating sheets for the 2N4013, Appendix 6-1, 
show the following at 25°C: 


IcBo = 1.7 pA (max) 
lors = 10 wA (max) 


Assuming a nominal hg, of 100, 
I cro aad (hee) cso = 100 x 1.7= 170 WA. 


Now Ice lies between Iczs and Icgg depending on the value of Rg. Allowing 
R; to be reasonably high, 100 pA is a safe assumption for Icgp. 
Now using Eq. (6-1), 


Vout = Vee = Vee—IcRx 
= 12-100 pA x 1.5K 
=12-0.1x1.5 
== U.15 
= 11.85 V or approximately Voc 


Example 6-2 


a. Repeat Example 6-1 using the 2N4237 
b. How can the voltage drop across R; be reduced? 


Solution 


a. From Appendix 6-2, Iczo for the 2N4237 is 0.7 mA. 


Vout = Ver — LcRz 
=12-0.7 mA x 1.5K 
=i) 
=11V 
b. The drop across R; can be reduced by reverse biasing the base- 
emitter junction as in Fig. 6-4(c). This will give Icgx which ~Icgo. 
Therefore, 
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Then 
[(Rp=7 pA X 1.5K =10.5 mV (very small) 
and 


Vout = Vee = Vec 


6-3 SATURATION 


Saturation occurs when one variable responds to another variable until a 
certain limit is reached. After that limit, the saturated variable remains essen- 
tially constant while the initial variable continues to change. In the case of a 
transistor, the variables are the base current and collector current. By follow- 
ing the load line in Fig. 6-2, it is readily apparent that J; increases with J, as 
I, increases from zero. However, when the “‘vertical’’ part of the characteristic 
is reached, the collector current shows little change with further increase in 
base current. This is saturation and the “‘vertical’’ part of the curve is referred 
to as the saturation region. 


6-3.1 Vice (at) 


6-3.2 Voz 


Vex(sat) 18 the name given to the voltage rating when operation is in the satu- 
ration region. It is always specified at a given condition of both J; and Ic, and 
the three form an operating point or Q. Versa) for several transistors is shown 
in Appendixes 6-1, 6-2, and 6-3 with given conditions of J, and Ic. As can be 
seen, it varies slightly with J; but is always less than 1.0 V and generally less 
than 0.7 V. 

The maximum value of Vogt) is always used. In fact, the minimum is 
never specified and frequently the typical value is omitted. As pointed out in 
the beginning of this chapter, an imperfection of the transistor switch is its 
small voltage drop in the ON condition. If a transistor meets the ON voltage 
specification with a maximum value of Voz (sa, then all transistors of this type 
will be satisfactory. 

Due to the slope of the characteristic curve in the saturation region, 
Vegat) has a small variation with Jc. As a result, it will also vary with R,. Note 
that as the load line becomes flatter, due to increased R,, the saturation 
voltage can approach the ideal of zero. 


As I increases, Vgz remains essentially constant at approximately 0.7 V after 
rounding the knee of the input characteristic (see Fig. 6-3). Ic of course 
increases with J;, and as can be observed in Eq. (6-1), Vcg decreases as this 
happens. 
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In the active, or normal conducting region, Vcg has greater magnitude 
than Vz- so the collector-base junction is reverse biased. This voltage rein- 
forces the barrier potential of the junction and produces a field which draws 
the carriers (emitted into the base) to the collector. In other words, due to this 
reverse bias, practically all the emitter current flows into the collector. Math- 
ematically, the relationship is 


Ic=alz  a>0.97 (6-5) 


The carrier flow for this condition is shown in Fig. 6-6(a). 

Now when Vc; drops, due to the increase in I, and Ic, the field across the 
collector-base junction decreases. If Vcg equals Vz, the base-collector voltage 
Voz is zero. At this point the only voltage across this junction is the barrier 
potential. However, this voltage will still produce a field sufficient to meet the 
condition in Eq. (6-5). 





BB 


Fig. 6-6 Carrier (electron) flow of npn transistor. ~—>— denotes current-active region, 
—-—— denotes current added in saturation. (a) Active region. (b) Saturation. 
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Any further increase in Jz and J will drop Veg below Vz, and forward 
bias the collector-base junction. This forward bias opposes the barrier poten- 
tial and reduces the field. Now the field is not strong enough to bring addi- 
tional carriers to the collector. As a result, additional carriers emitted into the 
base recombine in the base and leave the transistor as base current. Therefore, 
when the collector-base junction is forward biased, the collector current fails to 
increase with additional increments of J; and Ig. This is saturation, and the 
currents are indicated in Fig. 6-6(b). 


6-3 od Vee (sat) 


In addition to Vega), the catalog sheets in Appendixes 6-1, 6-2, and 6-3 also 
list Versa). This naturally is the base-emitter voltage when the transistor is in 
saturation. Since J; has to be relatively high to saturate a transistor, it is in the 
region of the input characteristic where Vz, is almost constant. Observe Vz- for 
Iz >30 pA in Fig. 6-3. Although Vega can vary noticeably with the load 
resistance, Vpr.at) remains relatively consistent. The rating runs from about 0.6 
to 1.5 V depending on the transistor type. 

With the collector-base junction forward biased in saturation, Vpz;sat) iS 
higher than Vega). The difference can be almost equal to Vx.) itself when 
the load resistance is high, and a few tenths of a volt when the load resistance 
is low. | 

Figure 6-7 shows two switches in saturation or the ON condition. These 
are the same switches in Fig. 6-5. 


Example 6-3 


a. Using Figs. 6-2 and 6-3 with the R; and Vcc indicated, what is the 
minimum base current which will put the transistor in saturation? 


Vo Cc 


V 


BE(sat) Vv 


BE(sat) 





(a) (b) 


Fig. 6-7 Switch in saturation. Vou = Veevsat). 
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b. What are Vozyat) ANd Vex(sat) at this point? 
c. What is the output voltage? 


Solution 


a. To be in saturation the operating point must be on the “‘vertical’’ part 
of the curve, not the knee. Therefore, 80 wA is too low since the load 
line intersects the knee at this current. It will take about 82 A to put 
the transistor into saturation with the specified conditions. 

b. The operating point is Q4. Vegsat) at this point is 0.5 V. Using Fig. 6-3, 
Vag (at Ig = 82 pA and Vcg = 0.5) is about 0.675. This is Vezyaty. 

c. The output voltage is Vera = 0.5 V. 


Example 6-4 Repeat Example 6-3 if R; is 4.7K and Vcc is 10 V. 
Solution 


a. Draw the load line using the characteristic curves in Fig. 6-8. (These 
are the same curves as in Fig. 6-2.) 


Point 1 is on the x axis at Veg = Vcc = 10 V. 
Point 2 is on the y axis at 10/4.7K =2.1 mA. 


b. Find the operating point. To be in saturation the operating point is the 
intersection of the 4.7K load line and the vertical part of the curve. 

c. J, at this intersection is about midway between 20 and 40 pA. There- 
fore, 30 wA is the minimum base current which will produce satu- 
ration. 

d. Vcg at this intersection is about 0.2 V. This is Vega) Which is the 
output voltage. 

e. In Fig. 6-3 Vgz = 0.61 where Jz = 30 pA crosses the Vcg = 0.2 input 
curve. Therefore, Vpz(sat) = 0.61 V. 


Example 6-5 If the transistor in Fig. 6-7 is the 2N4014, Vcc = 10 V, R, = 1K, 
what is the maximum output voltage when the switch is ON? 


Solution The maximum output voltage will be the maximum value of Vog(sat). 
Versat) for the 2N4014, Appendix 6-1, is specified for a number of conditions 
of Jz and Ic. With Vcc = 10 V and R,; = 1K, Ic will be approximately 10 mA. 
At 10 mA, the maximum Vga) is 0.25 which is the maximum output voltage. 


6-3.4 B or he (Current Gain) 
Figure 6-9 shows the characteristic curves of three transistors with the same 


base current—200 wA. In the active region there is a considerable difference 
in the collector current produced by this base current so there is a wide 
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Fig. 6-9 Characteristic curve of three transistors with appreciable variation in hee. 


With transistor B an IJ, of 200 wA is just sufficient to cause saturation. 
At this point 


he = 14/200 pA = 70. 


Transistor A, with a higher 8, will be driven harder into saturation with 
excess base current. With this transistor, hy; in saturation under these condi- 
tions is 


Ic _ 14.5 mA _ 72.5 
Ip) 200 pA 
Although the /g, of the transistor A is 33% higher than that of transistor B in 
the active region, the current gains are about the same in saturation. This 
becomes evident when you consider that the collector current remains essen- 
tially constant when saturation is reached. | 
The current gain of a transistor must be sufficient to get the transistor into 
saturation. Once in saturation, current gain is a function of the circuit not the 
transistor. 
If the same transistor is used, an increase in base current, once the 
transistor reaches saturation, actually causes hz; to decrease. 


Example 6-6 Using Fig. 6-2 and assuming operation with a load resistance of 
1.5K, find hg at Iz = 20, 40, 60, 80, 100, and 120 PA. 
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Solution 

Ip = 20 pA: 

Arg = 1.95 mA/20 pA = 97.5 
Iz = 40 pA: 

herp = 4 mA/40 pA = 100 
Iz = 60 pA: 

hr, = 6 mA/60 pA = 100 
Iz = 80 pA: 

hrz = 7.6 mA/80 pA = 95 
Iz = 100 pA: 

hr, = 7.6 mA/100 pA = 76 
Ip = 120 pA: 

hpg = 7.6/120 pA = 63 
Ip = 140 pA: 


hre = 7.6/140 pA = 54 


Note how hg falls off when the switch is driven harder into saturation. 
This again shows that current gain is a function of the circuit in saturation and 
meaningless as far as the transistor is concerned. 

The following examples involve the relationship of Jc, Ig, and hy, at 
saturation. | 


Example 6-7 Given the 2N4264 in Fig. 6-7(a) with Voc = 12 V, Ic =10 mA, 
and Rz= 4.7K. Find R,; and V,, to obtain saturation. 


Solution Appendix 6-3 gives the following information at saturation for the 
2N4264: | 


Voggat) = 0.22 max at l~=10 mA, /g=1mA 
Ver (sat) = 0.80 max at Ic = 10 mA, I =1mA 


Using this information 


_ Voco— Ver vat) _ 120.22 


Rr i 10 mA 


= 1.18K. 
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A standard value of 1.2K should be used. 


Vin = Vax (sat) + IpRp 
=0.8+1mA X4.7K=5.5 V 


Example 6-8 


a. If Vi, = +5 in Example 6-7, find the minimum of h-, to obtain satu- 
ration. 
b. What happens to Vozgaty if Arg increases? 


Solution 


a. I-=10 mA. This value is given in Example 6-7, 
- 5 ng Ve x(sat) 2 5 5 0.8 = 4.2 _ 

Rz 4.7K 4.7K 
her min ~— 10/0.9 = 11 


Iz 


b. A change in hz, will not affect Jz since the input conditions are not 
altered. Once saturation is reached, J; remains essentially constant 
regardless of the transistor B. As a result, with J; and Jc the same, 
there will be no appreciable variation in Voggar). 


Example 6-9 Using the 2N4013 in Fig. 6-7(a), find Rs to cause saturation 
with the following information given: Vcc = 15, R, = 1.5K, Vi, = +6. 


Solution Appendix 6-1 lists saturation conditions for the 2N4013 at a number 
of Ic values: | 


Ic== since Vezoay <«Vec 
Therefore, 

Ioe=15/1.5K +10 mA 
Using Ic = 10 mA, saturation conditions are 


Iz =1mA Vcr (sat) = 0.25 max Vi r(sat) = 0.76 max 


Therefore, 
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= Vin _ Ver (sat) 
Ip 
_6-0.76 


Rp 


A standard value of 5.1K should be used. 


Example 6-10 If in Example 6-9 the transistor has an hr, of 100, what is the 
minimum R, which will maintain saturation? 


Solution Since the input circuit is the same as in Example 6-9, Jz is still 1 mA. 
Then 


Ic= Argel = 100 X 1 mA=100 mA 
At Ic = 100 mA, Veggaty = 0.20 max (refer to Appendix 6-1). Therefore 


_15-0.20_ 14.8 


=700mA 100mA 7 18 ® 


Ry, 





The nearest standard size of 150 © should be used. 
Example 6-11 What will happen to Jc and Vegisat) in Example 6-10 if 


a. Ip is increased? 
b. R, is increased? 


Solution 


a. Since the circuit is in saturation, an increase in J, will not change Jc 
or Vcg appreciably. The circuit will just be driven harder into satu- 
ration. 

b. This can best be demonstrated by use of a load line in Fig. 6-2. As R; 
increases, the line gets flatter. Voxsa) has a small decrease and Ic 
decreases in proportion to the increase in R;. 


6-4 NOISE MARGIN 


In the discussion on cutoff, using Fig. 6-5(a), it was assumed that the input 
signal would be at ground. However, a small switching transistor will remain 
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cut off with the input level forward biasing the base-emitter up to approxi- 
mately 0.5 V. This is shown in Fig. 6-3 where Vg, must exceed this voltage 
before base current will flow. (At or near cutoff Vo; >1 V.) 

This increment or threshold provides the circuit with some immunity 
from noise spikes and input levels which deviate from ground. To allow for 
differences in transistors, a more conservative threshold of 0.4 V will be used. 

By using the circuit in Fig. 6-10, the 0.4 V can be levered so that the 
circuit will remain cut off with an input voltage appreciably higher than 0.4. 
This raises the threshold. * 


Example 6-12a Using Fig. 6-10, find v;, to produce a forward base-emitter 
voltage of 0.4 with Rg, = 2.2K and Rg =4.7K. 


Solution At 0.4 V and below, the base-emitter voltage is determined by the 
voltage divider Rg, and Rg. This is because no base current is flowing at that 
time, leaving all input current confined to the divider. Using the proportion 


Vi, can be readily found: 


_ (2.2K +4.7K 
va =( 2.2K ) 04 


=1.25 V_ (levered threshold voltage) 


This means that if an input level of 0.5 V is applied to the circuit in 
Example 6-12a, the stage will remain cut off if a noise spike of 0.75 V is 





Fig. 6-10 Using an input divider to improve noise margin. 
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Fig. 6-11 Application of noise margin. 


superimposed on the input. This is demonstrated in Fig. 6-11 and establishes 
a noise margin. 


Example 6-12b If the switch in Example 6-12a is cut off by the output of 
another switch? which is ON with a Voggat) of 0.3 V, what magnitude of noise 
can be tolerated on the interconnecting line without driving this switch out of 
cutoff? The connection is shown in Fig. 6-12. 


Solution The desired input level is Vox(sat) of the preceding switch or 0.3 V. 
The subject switch is cut off until an input of 1.25 V is reached. Therefore, a 
noise voltage of 1.25 — 0.3 = 0.95 V can be tolerated. This is the noise margin. 


The noise margin can be increased by decreasing Rg; and increasing Rp. 
However, the limit on this is soon reached because both variations will reduce 
the base current making saturation difficult when it is desired to turn the 
switch ON. 

Although discrete switches are seldom used any more, it is hoped that 

this discussion will facilitate understanding when the noise margin of IC in- 
verters is presented. 


* At this point in time the reader might see no practicality in one switch driving another. 
Actually, most switches are part of logic gates which are cascaded to form a logic equation or 
Boolean expression. This is presented in Chapter 8. 
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Fig. 6-12 Switches in cascade with noise on interconnecting line. 


6-5 SWITCHING TIME 


So far we have been considering the switch as having two DC voltage levels 
with the output inverted from the input. These levels can be the marks and 
spaces of pulses which last for very short intervals measured in microseconds 
or even nanoseconds. 

Now let us take a look at the transient which occurs when moving from 
one level of a pulse to the other. Figure 6-13 shows the significant input and 
output waveforms of a switch. Note that switching is not instantaneous and 
involves several time considerations. 


6-5.1 Delay Time (t,) 


When a potential is applied between the base and emitter, carriers are emitted 
into the base. These carriers experience the field between the base and col- 
lector and, except for the few which recombine in the base to form base 
current, proceed to the collector to form collector current. No matter how 
small the base region and how fast the carrier movement, this operation takes 
a finite time. This time is the delay time fy. 

tz is measured, as shown in Fig. 6-13, from the time the ON input signal 
is applied until the collector current increases to 10% of its ON value. 


6-5.2 Rise and Fall Times (t, and t¢,) 


( 


Every transistor in a common-emitter configuration has an input capacitance 
which is 


Gin a Cy. ae (Ay. = 1) Cae 
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Fig. 6-13 Output versus input showing switching times. 


where C,, is the capacitance between base and emitter, C;, is the capacitance 
between base and collector, A,, is the voltage gain of the stage. In addition, 
there is stray capacitance to ground across both the input and output lines. 

For both input and output levels to reach their steady-state levels, this 
capacitance must be charged. The charging current is furnished by the input 
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driver which, like all drivers, has internal resistance. This resistance plus Rg, 
in series with the capacitance forms an integrating circuit with subsequent rise 
and fall times of the charge and discharge voltage. [Refer to Sec. 3-7.1, 
especially Fig. 3-16(b). | 

The measurement of the rise and fall times is the time between the 10% 
and 90% points as pointed out in Chapter 1. Note that the measurement is on 
the output current waveform and not the output voltage. 


6-5.3 Storage Time (¢,) 


This is the most significant of the four switching times and is caused by the 
time it takes to clear the heavy concentration of carriers in the base when the 
transistor is switched off during saturation. In saturation there are two events 
which increase this time. 

First of all, since the base-collector junction is forward biased in satu- 
ration, this external forward bias opposes the internal reverse bias of the 
barrier potential. This reduces the base-collector field needed to bring the 
carriers across the base to the collector. Now the transistor will not cut off until 
all the carriers emitted into the base leave via either the base or collector. 
Since the base current is fixed by the external circuit [refer to Eq. (6-2)|, most 
of the carriers have to pass through to the collector. The reduction in the 
base-collector field causes the carriers to store in the base until this passage 
can be completed. 

The second event has already been discussed in Sec. 6-3.2. Let us re- 
examine one of the concluding statements of that section: 


Therefore, when the base-collector junction is forward biased, the col- 
lector current fails to increase with additional increments of J; and Iz. 


Since it is impossible to provide just enough base current to saturate, saturated 
transistors have excess base current which adds to the stored carriers which 
must be removed at cutoff. 

The storage time is measured from the time the OFF input signal is 
applied until the collector current drops to 90% of its ON value. 


6-5.4 Summary 


The rise and fall times often improve if subsequent circuits in a chain have 
different conditions of loading, drive, and capacitance. However, as will be 
explained in Sec. 7-4, the rise and fall time can produce a delay. This delay, 
along with ¢, and ¢,, can never be reduced once it occurs. If multiple stages are 
employed, these delays are additive as the signal progresses. 
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Appendix 6-1 lists these switching times for the 2N4013 and 2N4014. 
Appendix 6-3 has another listing for the 2N4264 and 2N4265. Note they are 
in the nanosecond region and that ¢, is definitely the largest: 


lon aaa tg rr t, 
lore = (5 — Lf 


6-6 IMPROVING SWITCHING SPEED 


Since the storage time has the greatest effect on switching time, any method 
used to improve switching time must reduce ¢, without having other adverse 
effects. Two methods will be discussed here: the commutative capacitor and 
the base-collector diode bypass. 


6-6.1 The Commutative Capacitor 


If a capacitor, called a commutative capacitor, is shunted across Rg in Fig. 
6-10, an improvement in all four switching times can be made. The above 
circuit with this capacitor is redrawn in Fig. 6-14. 

As was discussed in Sec. 3-8, a capacitor, since it takes time to charge, 
maintains its voltage during a step. As a result, any change of voltage on one 
side of the capacitor is transmitted to the other side. After this action, the 
capacitor charges or discharges to its steady-state value. This effect can be 
seen in the base waveform and is demonstrated in Fig. 6-15 as follows: 


a. When the input pulse arrives and abruptly jumps from 0 to +5 V, the 
same change appears across Rg, and the base-emitter junction. 

b. During the time the pulse is at 5 V, the capacitor charges to its 
steady-state voltage.* As the capacitor charges, Vgz falls off and 
reaches its steady-state voltage of Vgray. The time constant for this 
action is very short since the BF junction has low R when forward 
biased. 

c. At the end of the pulse the input suddenly falls from +5 to 0 V. This 
drop when transmitted to the base causes the base-emitter voltage to 
go nearly 5 V negative. * 

d. With the input at zero the capacitor discharges to allow the base- 
emitter voltage to return to its steady-state position with the transistor 
cut off. Since the BE junction is now reversed, the discharge time 
constant is Rg,C which is appreciably longer than the time constant 
when charging. 


>The charging path is through the forward-biased BE junction. 
‘The magnitude of the negative voltage will be |5 — Vega]. 
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Fig. 6-14 Switch with commutating capacitor. 


It is noticeable from Fig. 6-14 that the capacitor and base-emitter re- 
sistance form a differentiating circuit. 

The base-emitter transient in step (a) improves (shortens) the delay time 
t,, while the transient in step (c) improves the storage time ¢,. Since f, is more 
significant, let us look at the improvement in ¢, first. 
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Fig. 6-15 Base-emitter voltage—commutating capacitor across Rgo. 
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6-6.1a Improvement in t¢, 


As you should recall, the storage time is caused by a low base-collector field 
resulting from the forward-biased base-collector junction. With the commu- 
tating capacitor in the circuit, the base is driven almost 5 V negative when the 
input is switched OFF. This briefly puts an appreciable reverse voltage across 
the base-collector junction since the collector is slightly positive at Vega. As 
a result of this reverse voltage, which now reinforces the internal barrier 
potential, there is sufficient field to rapidly bring the base carriers across the 
junction to the collector and reduce the storage time. 


6-6.1b Improvement in t, 


When the input is switched ON, the base receives a spike approximately equal 
to the input amplitude. This is considerably higher than the steady state 
Versa). Voltage being an electromotive force, the additional voltage of the 
spike accelerates the initial carriers across the base-emitter junction reducing 
the time for them to reach the collector, thus shortening fj. 


6-6.1c Improvement in ft, and ft, 


In addition to maintaining its voltage during a step, a capacitor has zero 
impedance for that instant. This is also discussed in Sec. 3-8. Because of this 
impedance, Rg is shorted out by the capacitor. Since Rg, is in series with the 
transistor input capacitance, the short reduces the charge and discharge time 
constants of the input capacitance resulting in an improvement of ¢, and 4%. 


6-6.2 Base-Collector Bypass 


If a diode is inserted across the base-collector junction as in Fig. 6-16, the 
diode will switch ON when the transistor nears saturation. When this happens 
the base current is diverted around the forward biased base-collector junction 
to the collector. This reduces the number of carriers which must be cleared in 
the base at cutoff, resulting in decreased storage time. This diode does not let 
the transistor fully saturate either. 

For the diode to accomplish this it must have two properties: first, it must 
have a low forward drop V;; second, it must have a low reverse recovery time 
t,. If the diode does not have a forward drop appreciably less than the forward 
base-collector voltage, it will not be able to switch ON sufficiently to conduct 
the required current around the junction. Also, a long reverse recovery time 
will allow the diode to conduct through the load an appreciable interval after 
the input switches OFF. This will offset the improvement in the storage time 
of the transistor. 
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Vo C 





Fig. 6-16 Base-collector diode bypass. 


The Schottky diode has both a low forward drop and a fast recovery 
time. This diode is ideal for this bypass, and the next section will be devoted 
to an explanation of it. It is to be pointed out that the bypass diode only 
improves the storage time. 


Schottky Diode 


The Schottky diode is not a junction of p and n regions. It is a junction of n 
material and a conductor since the p region is replaced by a metal. The 
construction diagram is shown in Fig. 6-17. Owing to the replacement of the 
p region with a conductor, the Schottky diode has a lower resistance which 
reduces the forward drop. See the comparison in Fig. 6-18. 

In a semiconductor a barrier is made up of ions resulting from the 
recombination of electrons and holes diffusing into the opposite material. This 
barrier in a Schottky diode is caused by free electrons which diffuse into the 
n region from the conductor leaving positive ions in their wake. This process 
continues until the buildup of electrons in the n region produces a force 
sufficient to repel further diffusion. At equilibrium, the junction contains a 
wall of electrons in the n material and positive ions in the metal. 

In a Schottky diode the carriers are free electrons only. Since free elec- 
trons take only about 60% as much energy to move as holes, the carriers in 
a Schottky diode have greater mobility. As a result, it is easy to reverse and 
clear them when the potential switches polarity. This enables a significant 
improvement in reverse recovery time. 

Whereas the absence of holes and subsequent increased carrier mobility 
produced the advantages discussed above, the same phenomena will allow 
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Fig. 6-17 Schottky diode. (a) Diffusion of electrons into the n region. (b) Equilibrium. 
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Fig. 6-18 Comparison of the Schottky diode with the silicon switching diode. 
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Fig. 6-19 Schottky transistor. (a) Schematic representation. (b) Actual circuit of (a). 


more leakage when the diode is reverse biased. However, the amount is still 
small and any voltage drop across the load resistor caused by the leakage 
current should not be prohibitive. 

The Schottky bypass diode is used extensively in TTL’ integrated circuits 
to speed up switching time. The combination of this diode and the transistor 
it is bypassing is often represented in schematics as a single component re- 
ferred to as a Schottky transistor. The Schottky transistor and its composition 
are shown in Fig. 6-19. 


6-7 REVIEW OF THE ENHANCEMENT MCSFET 


The discussion on switching to this point has focused on the bipolar transistor. 
With CMOS techniques growing in importance, considerable attention must 
be devoted to the switching capabilities of the enhancement MOSFET which 
is the backbone of the CMOS circuits. 


6-7.1 Operation of the n Channel 


The structure of the n-channel enhancement MOSFET is in Fig. 6-20(a). The 
source and the substrate are joined internally and for simplicity shown con- 
nected to ground. The drain is positive to reverse bias the drain-substrate 
junction. As seen, there is no channel between the source and drain. The 
reverse-biased drain-substrate junction limits the source-drain current to a 


° TTL stands for transistor-transistor logic. The principles and circuitry of this logic will be 
discussed in some detail in Chapters 7, 8 and 9. 
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(b) 
Fig. 6-20 n-enchancement MOSFET. (a) Open channel. (b) Enhanced channel. 


very small leakage. In this case the switch is OFF. The gate is separate from 
the rest of the structure and, as a result, has a very high resistance to the source 
and drain. — 

If the gate is made positive, it will attract minority electrons and repel 
majority holes in the adjacent region of the substrate. If increased, this posi- 
tive gate potential can exceed a threshold voltage and invert the polarity of this 
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region. When this happens, the substrate immediately below the gate will have 
more free electrons than holes in its composition and become n material. This 
completes a channel from the source to the drain as shown in Fig. 6-20(b). The 
resistance of this channel is low, and under this condition, the switch is ON. 

The threshold voltage varies from transistor® to transistor. In fact, there 
is considerable variation between maximum and minimum for the same type. 
Numerically, it runs from about 1 to 6 V. 

So far the description implies that the channel is either complete or 
nonexistent as in Fig. 6-20. This is an oversimplification. When a voltage is 
applied between the source and the drain, it distributes uniformly across the 
substrate in between. In Fig. 6-21(a), with a Vps of 12 V, the upper row of 
numbers in-the substrate represents the difference of potential between that 
point and the source. If a Ves is applied to the gate, the potential difference 
between the gate and any point on the substrate beneath will vary. This 
potential difference for a Vgs of +9 V is represented by the second row of 
numbers in the figure. Now with a threshold voltage of +3 V, part of the 
channel will be inverted and part of it will not. Note in Fig. 6-21(b) how the 
channel thins down as the gate-substrate or gate-channel potential decreases 
and then fails to invert when this potential is below the threshold. If the 
channel is not complete it is said to be pinched off. Any variation in Vps will 
either extend or shorten the n region. Note in Fig. 6-22, with Vps reduced to 
8 V, how the channel region is lengthened. In this figure Vcx.s5 is the channel- 
to-source voltage at any point and V¢.cy the corresponding difference in poten- 
tial between the gate and the channel. To complete the channel, Vps has to be 
low enough so that 


Vos — Vos > Vru 


where V7, is the threshold voltage. Figure 6-23 shows a complete channel just 
meeting the conditions of the above equation. 

Observe from the above progression that the channel is complete at low 
values of Vps and pinched off at high values of Vps. This provokes the following 
summary: 


Channel Switch Vos 
Pinched off OFF HIGH 
Conducting ON LOW 





°The FET is a transistor. There are bipolar transistors (BJT) and field effect transistors 
(FET). The same word applies to both bipolar (BJT) and field effect (FET). 
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Source Drain 





(b) 


Fig. 6-21 Pinched-off channel as a function of drain-source voltage (n-enhancement 
MOSFET). (a) Potential distribution. The upper row of numbers is the Vihannel to source; the 
lower row is the Vgate to channel: (D) Channel. The gate to channel threshold is +3 V. 
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Fig. 6-22 Variation of pinch-off region with Vps (n-enhancement MOSFET). 


6-7.2 Operation of the p Channel 


The construction of the p-channel MOSFET is shown in Fig. 6-24. Note the 
material is exactly opposite to the n channel. Also with the p channel both Vp; 


and Vgs are negative. The negative gate potential inverts the channel by 
attracting holes and repelling free electrons in the substrate. Aside from this, 


Source Drain slg 





Fig. 6-23 Minimum conditions to complete the channel (n-enhancement MOSFET). 
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Gate (ground) 


Source 


Source 





= b 
Fig. 6-24 p-enhancement MOSFET. (a) Open channel. (b) Enhanced channel. 


the operation of the two types is identical. Negative potentials are distributed 
along the substrate beneath the gate and the gate-channel voltage is the 


difference in potential between negative voltages. 
6-7.3 Switching Circuits and Characteristics 
Figure 6-25 shows a simple switch using both p and n configurations. The 


polarities of significant voltages are indicated. With both configurations, the 
output voltage is 
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(a) (b) 


Fig. 6-25 Enhancement MOSFET switch—preliminary circuit. (a) n channel. (6) p 
channel. 


Vos = Vop — Var (6-6) 


Equation (6-1) shows the same relationship for a bipolar transistor. There is 
no MOSFET counterpart for Eq. (6-2) since the input impedance is high and 
the input current negligible. 

The common source characteristic curves for both the n and p enhance- 
ment MOSFETs are represented in Fig. 6-26. Once again note that V¢s and Vps 
are positive for the m channel and negative for the p channel. This becomes 
very significant in subsequent discussions on CMOS, PMOS, and NMOS. 

The steep portion of the characteristics in Fig. 6-26, where |Vps| is small,’ 
indicates a low resistance. It is here that the channel is enhanced. As |Vps| is 
increased, a point will be reached where the gate voltage will no longer be 
sufficient to enhance a complete channel. This is the pinch-off region where 
the characteristics are nearly flat. Drain current flows in the pinch-off region. 
However, it varies only a small amount with an increase in drain-source 
voltage. It is the AC resistance® that is large in the pinch-off region. 

As |Vgs| is reduced, it takes lower and lower values of |Vps| to enhance the 
channel. Finally, |Vcs| can get low enough so that it is impossible to enhance 
a channel at any |Vps|, even zero. This is the inversion threshold voltage. At 
this voltage and below, the enhancement FET is cut off. 

Now let us utilize the characteristics in a switching operation. 


"|Vps| is the magnitude of Vps. 
a => AVps/ Alp. 
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Solution The parameters for this transistor are in Appendix 6-4. Those per- 
tinent to the solution of this example are 


Vpsvon) = 1.0 V max at Vos = 10 V, In =2 mA 
Voscry, the gate source threshold voltage = 1.0 V min and 5 V max 
I pss =10nA at Vos = 0, Vos = 10 


For the Vpsion) rating to be applicable, the drain current must be close to 2 mA 
in the ON condition. With the 4.7K resistor, this is true. 


i Vop— Voscon) 
1 4.7K 


10-1. 
Pe 1.9mA 


Therefore, with Vos = 10 V, 
Vout sa Vos(on) =1V ON 


When Vz is at ground, it is less than the minimum threshold voltage. This 
means that the channel is pinched off for any value of drain voltage and only 
leakage current can flow. Gate-source bias below the minimum threshold 
provides a noise margin. 


Ipss is the leakage current with V¢;=0 and Vps =10 and equals 10 nA max. 
Therefore, the minimum output voltage when the switch is OFF is 


Vout = Vos = 10 V-—10 nA X 4.7K _ substituting in Eq. (6-6) 
=10 V—47 pV 
=10 V or Vpp OFF 


Example 6-14 Repeat Example 6-13 with the 2N4352 using the circuit of Fig. 
6-25(b). 


Solution The 2N4352 is a p-channel enhancement FET. Since the transistor 
is complementary with the n-channel 2N4351, the parameters are the same as 
in Example 6-13 except for sign. See Appendix 6-5. Therefore, the solution is 
the same except for sign and 


Vout = Vpscon) =—-lV ON 
Vou: = Vop = —10 V OFF 
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6-7.4 Switching Speed 


The output versus input curves, including the transient, for both p- and 
n-enhancement MOSFETs are in Appendixes 6-4 and 6-5. There is great 
similarity between those curves and Fig. 6-13 which represents the same 
sequence for the bipolar transistor. Both have rise and fall times, both have 
delays and they are measured the same way. 

The rise and fall times are caused by the time it takes to charge and 
discharge the input capacitance. These times are generally more significant 
with a MOSFET than a bipolar because: 


a. the variation between ON and OFF input levels is usually greater; 
b. the gate input impedance is HIGH. This impedance, across the input 
capacitance, is inversely proportional to the bandwidth, 


1 
f= a—RC from Eq. (2-4a) 


where fy is the bandwidth, C is the input capacitance, and R is the 
input impedance. Since 


t= ee) from Eq. (2-6) | 
fu 


the reduced bandwidth increases the rise time. 


The delays for the enhancement FET are designated ¢,, and ty. ty 1s the 
turn on delay, the same as ¢, of the bipolar transistor. It is the time for the 
carriers to accelerate and cross the small distance between the source and the 
drain when given the ON input signal. 

ta is very much like the storage time in a bipolar transistor. When an 
enhancement MOSFET is cut off, the complete channel is pinched off and 
becomes like that in Fig. 6-21. Notice that the pinched-off channel has succes- 
sive n-p-n layers. This causes carriers in transit to be trapped in the p region 
the same way they are trapped in the base when a bipolar transistor is switched 
OFF. In a similar manner the Vpsj.,) does not provide a strong field to accel- 
erate these carriers across the p-n junction. However, since there is no equiv- 
alent of base current in a FET, there are no excess carriers to be cleared from 
the trapped region. 

The four switching times are listed in Appendixes 6-4 and 6-5. Note the 
length of the rise and fall times compared with those of the bipolar transistor 
exhibited in Appendixes 6-1 and 6-3. 
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6-7.5 Precautions 


Note in Figs. 6-20 through 6-24 the separation of the gate from the monolithic 
structure which contains the rest of the device. This gate rests on a separating 
layer of SiO, 1000 A thick. Since an angstrom is used to measure the wave- 
length of light, the layer has to be very, very thin. Converted into metric 
measurements, this dimension is 1/10,000 mm. A layer that thin is readily 
subject to breakdown from static charges. 

The human body can develop static charges as is witnessed by the spark 
often generated after walking across a thick rug or sliding off a leather car seat. 
This amount of charge is enhanced by nylon clothing and low humidity, 
particularly on cold, clear days. Because of this, handling the MOSFET is 
risky if precautions are not used. 

In the early days handling had to be extremely delicate. Some of the gate 
breakdown voltages were less than the internal battery voltage of an ohm- 
meter. 

Now the problem has been alleviated by the insertion of a protective 
network in series with the input gate. This network is essentially a dual-level 
clipper (see Sec. 5-4.3) which clips off any voltage above Vpp or below Vis. 

When the MOSFET is part of an integrated circuit, and this occurs in the 
overwhelming majority of cases, the protection is built right into the chip. One 
example is shown in Fig. 1 of Appendix 6-6. There are several adaptations of 
the network which generally vary in the number of parallel diodes employed. 
Another popular combination is in the input line of the CMOS switch in Fig. 
6-27. 

The protective network takes a small but finite time to switch. As a 
result, they are not 100% effective and handling precautions are still neces- 
sary. Some precautions are listed in Appendixes 6-4 and 6-5. A more extensive 
compilation taken from the Motorola CMOS Data Handbook is listed in 
Appendix 6-6. 


6-8 THE CMOS SWITCH (CMOS INVERTER) 


As mentioned in the beginning of this chapter, a switch is also called an 
inverter since a single-stage circuit inverts the input signal. This is true of the 
CMOS circuit, even though the circuit contains two transistors. This is because 
the transistors are in tandem and not cascade. 

The CMOS inverter is presented in Fig. 6-27. Observe that one MOS- 
FET is a p channel and the other an m channel. When p- and n-channel 
transistors alternately conduct in the same circuit, they are said to be com- 
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Fig. 6-27 CMOS inverter or switch. 


plementary.’ That is how the CMOS circuit gets its name. CMOS means 
complementary MOSFET. 

In Fig. 6-27 carefully note that both drains are tied together at the output 
terminal while the source of the p channel is tied to the positive power supply 
Vpp. The two gates are joined together to form the input. 


6-8.1 Input HIGH 


The input levels are assumed to be Vpp and ground as shown in Fig. 6-28(a). 
Let us begin analyzing the operation of the CMOS with the higher input level 
Vpp. Remember the source of the p-channel transistor is at Vpp. Therefore, 
when the gate is brought to Vpp, the gate-source potential V¢s is 0. This, of 
course, is not enough to enhance a channel so the p-channel transistor is OFF. 

With the source of the n-channel MOSFET at ground, a gate voltage of 
Vpp will produce a V¢s of Vpp. Since Vpp is in the order of 10 V and clearly 
exceeds the maximum threshold of 6 V, the applied V¢s is enough to enhance 
a channel and turn the n-channel transistor ON. 


” The term complementary is also applied to the pnp-npn pair of bipolar transistors used in» 
a Class B push-pull amplifier. 
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Fig. 6-28 Output versus input CMOS. (a) Input. (b) Output. 


The transistors are two switches in series. With the p-FET OFF and the 
n-FET ON, the output, connected to the combined drain, has a low imped- 
ance to ground and drops to Vpsony of the m-transistor. Since the input is HIGH 
at this time, the output is inverted. (See Fig. 6-28.) 


6-8.2 Input LOW 


When the input level drops to ground the opposite occurs. With the source 
voltage at Vpp, a ground on the gate of the p-channel FET will make the gate 
negative with respect to the source. Ves is now — Vpp. Since the p-enhancement 
FET creates a channel with a negative gate exceeding the threshold, the 
p-FET under these conditions is ON. 

A ground on the gate of the n-channel FET causes a Vg; of 0. This leaves 
the channel open and the transistor OFF. 

With the p-FET switched ON and the n-FET switched OFF, there is a 
low impedance between the drain output and Vpp. The output voitage is 
therefore equal to Vpp — Vosion) Of the p transistor. Once again the switching 
produces an inversion as shown in Fig. 6-28. 
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In summary, the CMOS switch has a low impedance to either ground or 
the supply voltage. Since one transistor has a very low voltage and the other 
a very low current, the power consumption 1s very small. 


6-8.3 Gate-Drain Potential 


This section is written for those who feel a little insecure because an enhanced 
~ channel was pronounced on the basis of Vc¢s alone without taking into account 
the drain voltage. In Sec. 6-7.1, using Figs. 6-21, 6-22, and 6-23, it was brought 
out that an enhancement channel requires the gate to exceed the threshold at 
any point on the channel. Also noticeable from the figures is the fact that 
enhancement is most difficult at the drain since the drain presents the highest 
potential on the channel and as a result the lowest potential difference to the 
gate. To fully describe the operation of the CMOS circuit, it is necessary to 
show the drain-source voltage low enough so that the gate-drain potential 
exceeds the threshold. This can be done by use of the characteristics and load 
line. 7 
When the FETs are in tandem, the OFF transistor becomes the load 
resistor for the one that is ON. Passing a current on the order of nanoamperes, 
the OFF transistor presents a horizontal load line falling practically on the x 
axis. Envision this line in Fig. 6-26. With Vcs on the order of 10 V, this line 
will intersect the characteristic at a very low value of Vps making the gate-drain 
potential comfortably above the threshold. 

If there is trouble understanding the p-channel characteristic [Fig. 
6-26(b)] in this application, remember the negative potentials of the gate and 
drain are referenced to the source not the ground. Therefore, if the source is 
+10 V with respect to the drain, Vj; = —10. The same applies to Ves. As a 
result, a Vps of —0.1 V, as read from the p-enhancement characteristic curve, 
puts the drain +9.9 V with respect to ground if the source is connected to a 
Vop Of + 10 volts in a CMOS circuit. 

Using the load line of the OFF transistor, it is readily apparent that 
Vpson) iS Very low. As a result, the output voltages are ~Vpp at high level 
and ~ ground at low level. 


Example 6-15 A CMOS circuit uses a 2N4351 and a 2N4352. Vpp = 20. The 
input levels are 20 V and ground. 


a. Draw the circuit. 
b. What is the output when the input is 20 V? 
c. What is the output when the input is at ground? 


Solution 


a. The circuit is drawn in Fig. 6-29. The 2N4352 is the p-enhancement 
MOSFET. The 2N4351 is the n-enhancement MOSFET. 
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DD 


2N4352 


2N4351 





Fig. 6-29. 


b. When the input is 20 V: 


Vos of the 2N4352 is 0 V. The p-FET switches OFF. 
Ves of the 2N4351 is 20 V. The n-FET switches ON. 


With the 2N4352 OFF and the 2N4351 ON, the output is Vpsyony Which 
is very low in this configuration. 


Therefore, Vou. = 0. 
c. When the input is at ground: 


Vos of the 2N4352 is —20 V. The p-FET switches ON. 
Ves of the 2N4351 is 0 V. The n-FET switches OFF. 


With the 2N4352 ON and the 2N4351 OFF, the output is Vpp — 
Vos(on): Since Vpsion) is very low in this configuration, Vox ~ Vpp or 
20 V. 


6-9 THE ENHANCEMENT MOSFET AS A RESISTOR 


In an integrated circuit the diode and transistor are the easiest components to 
fabricate. As a result, these components are often deployed in a way that will 
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enable them to substitute for another circuit parameter. A well-known exam- 
ple of this is the capacitor which actually uses the capacitance of the reverse- 
biased diode. Now an enhancement FET will be considered as a substitute for 
a resistor. 


6-9.1 Vos = Vos 


By connecting the gate to the drain of an enhancement MOSFET as in Fig. 
6-30, a reasonably Jinear relationship of drain-source voltage to drain current 
can be obtained which simulates a resistance. 

When the gate and drain are connected together, Vos = Vps. Using the 
characteristic curves of the n-enhancement MOSFET that appear in Fig. 
6-26(a), Fig. 6-31 adds a line which is the locus of the following points: 


Ves = Vos = 10 Ves= Vos =5 
Ves = Vos = 8 Ves = Vos = 4 
Ves = Vos = 7 Ves = Vos= 3 
Vos = Vos = 6 


A straight line formed by the locus indicates a constant AC resistance since 


AVps 
Tac = Alp 


The line does have a slight bend at lower currents but the resistance variation 
is within acceptable tolerances. 


Drain 


Gate 


Fig. 6-30 Schematic for an enhancement MOSFET as a resistor. 
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Since there is some curvature to the line, the resistance will have a little 
variation over the range of voltage and current. The average resistance will be 


Vops 10-3 JF | 
1, “38-0 58mA 28 


The resistance over the straight line portion at higher currents is 


AVps_ 10-6 _4_ 
AIL, 58-18 4 19K 


which is within 20% of the average. 

6-9.2 Load Line of Enhancement MOSFET 
Figure 6-32 appears as two MOSFETs in tandem. However, notice that Q, has 
the gate tied to the drain. This means that Q, is actually the load resistor for 
Q,. Since Q, is a load resistor it can be drawn as a load line on the character- 


istics of Q,. This is done using Eq. (6-6) which is repeated here: 


Vos = Vop— Var (6-6) 





Fig. 6-32 Enhancement MOSFET Q, as a load resistor for MOSFET OQ, NMOS switch. 
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Fig. 6-33 Load line of an enhancement MOSFET simulated resistor. 





220 ~=‘The Transistor Switch 


3 NMOS and PMOS 


“9, 


6 


am 3 ; 
= oO 
Ss ES 
-. 2&2 co .2 
2eo on 
OG 3 o 
mw Ve 
— = ¢ & 
A. Nn 
© On & 
FX op 
"> 
Ss gis 
© fy 
rae! fae} 
ree 
SHY SG 
SiS y 
A fy aoe 
Vv .D) ss 72) 
Se iy te 
See's | 
Begs “ot 
me 6 6 . : 
qa %o ei : 
OQoog = 
=> ws 
252 8 
od & a 
= 22 Oo 
2 oO o 
=< Us 5 : 
BCna,~ : 
Eos 2 <r 
me as AC 
Fee He 
On tC) 
i"o) bani nace 
aOs = aH 
oe a 
2253 
5Oo 2 
= as} i. 
i oi H 


CHAPTER 6 6-10 The JFET 221 


TABLE 6-2 Data for load line in Fig. 6-33. Vpp = 12 


Ip (mA) VosQi VpsQ> 
0 3 9.0 
1 5 7.0 
2 6.2 5.8 
3 7.1 4.9 
4 8.1 3.9 
5 9.1 Zo 


Figure 6-32 is an NMOS switch or inverter. Using the characteristic 
curves and load line in Fig. 6-33, 


a. high-level input (V¢s = 12) turns the switch ON giving a low-level 
output of Vps = 2.8 and 

b. low-level input (Vc¢s = 0) turns the switch OFF giving high-level out- 
put of Vps = 9. 


The PMOS switch is represented by Fig. 6-34. This is the counterpart of 
Fig. 6-32 using p-enhancement transistors and a negative supply. Figure 6-33 
can be used for the load line and characteristics of the p-FETs by making all 
currents and voltages negative. Using Fig. 6-33 in this manner, 


a. a high-level input (Vc¢s = 0) turns the switch OFF giving a low-level 
output of Vp; = —9, and 

b. a low-level input (V¢s = —12) turns the switch ON giving a high-level 
output Vp; = —2.8. 


Notice the negative sign makes the lowest magnitude HIGH. 


6-10 THE JFET 


The JFET is not used in any of the better known switching or logic systems. 
It is also doubtful whether there are many discrete switches employing a JFET. 
However, there are a few JFETs in catalogs whose applications list switching. 
Because of this only brief attention will be given to the JFET switch. 


6-10.1 Operation of JFET—Review 


The construction of the n-channel JFET is in Fig. 6-35. The source and drain 
are connected to opposite ends of the channel. The junction is between the 
gate and the channel and is maintained at a reverse bias. To achieve this bias, 
the drain-source potential is positive and/or the gate-source potential nega- 
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Fig. 6-34 PMOS switch. Q, is the “load resistor.” 
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Fig. 6-35 n-channel JFET. 
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VG 


Fig. 6-36 JFET switch (n-channel) 


tive. Increasing the reverse bias widens the depletion region of the gate- 
channel junction, decreasing the channel width. The reverse bias can be 
increased to a point where the depletion region will cross the entire channel 
and pinch it off. By applying the proper gate-source and drain-source poten- 
tials, the channel can be throttled open or closed enabling the device to 
operate as a switch. 


6-10.2 Switching Circuit 


The JFET switching circuit and performance is very similar to that of the 
bipolar transistor. The major difference is that the input is a voltage and not 
a current. The similarity can be seen in the schematic in Fig. 6-36" and the use 
of the characteristic curves in Fig. 6-37. 

The load line for R; = 4.7K is drawn on the characteristic from Vpp = 14. 
In the ON condition Q,, 


Vin = Ves = 0 Vout = Vos = 0.5 
and in the OFF condition Qs, 
Vin = Ves=< -3 Vout = Vos = Vop = 14 V 


The ratings and specifications for the 2N4393 are listed in Appendix 6-7. 
Those of special interest are Vpsion), the ON output voltage, pot), the OFF 
current, and switching times. 


Example 6-17 Using the 2N4393 with maximum characteristics, Vpp = 20 and 
Vos = 0, find 


’ Re is to keep the gate from floating and making Ves unstable. 
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Solution 


a. The output voltage is Vpsiony. The maximum value specified for the 


2N4393 is 0.4 V at Jp =3.0 mA, 
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20—-0.4 19.6 
R = ee7o””— |=. SS _— _ 3 
LSA 3 
A standard value of 6.8K should be used. 

b. The maximum gate-source cutoff voltage is not listed. It appears on 
the rating sheet under Ip,o).'' Therefore, any voltage more negative 
than —5 V will turn the switch OFF. 

c. At cutoff, the drain current Ip is a leakage of 0.1 nA, 

Vout = Vos = Vop—LR1 
= 20 —-0.1 nA X 6.8K 
=20 V 

d. The following can be observed in Fig. 1 of Appendix 6-7: 

The equivalent of tg is t,, — t,. This equals 15 nsec — 5 nsec = 10 nsec. 
The equivalent of f, is for — t. This equals 50 nsec — 30 nsec = 20 nsec. 
SUMMARY 


A transistor switch has two operating points. One is in the saturation 
region where the voltage across the transistor is low. This designates the ON 
condition. The other operating point is at cutoff where the current is very low. 
This designates the OFF condition. 

Being in a common emitter configuration, a transistor switch is also an 
inverter. ‘To drive the transistor into saturation and achieve the low output 
voltage, the base current has to be increased requiring a high input voltage. 
To cut off the transistor, the base current is reduced to zero requiring a low 
input voltage. Since the output current is negligible at cutoff, the output 
voltage increases to that of the collector source. 

It is impossible to completely cut off a transistor and some collector 
current will always flow. Specifications list several ways of expressing this 
cutoff current depending on the conditions of the base-emitter circuit. The 
values differ but with a silicon transistor they are all very low. Except for 
power transistors, a transistor can be considered cut off when the base current 
is zero. Since the input characteristic of a common emitter transistor (Iz versus 
Vpe) is really a family of diode curves, the base current is zero even when the 
base-emitter junction has a low forward bias (0.4 to .5 V or less). 

Vor(sat) 18 the designation for the saturation voltage. It is specified at given 
values of base and collector current. It is not always possible to operate at the 


" Lpvott) = (0.1 nAdc at Vos =5 Vdc, Vos = 20 Vdc. 
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specified current values, so the operating saturation voltage will generally vary 
a small amount from the Vox) rating depending on the load resistance and 
subsequent collector current. 

The current gain (B or hz,) of the transistor must be sufficient to get the 
device into saturation. A higher value will offer no advantage because once in 
saturation with a given load resistance, the collector current is limited. 

The base-emitter voltage at the specified saturation condition is called 
Veecaty. Since the collector-base junction is forward biased in saturation, Vera) 
is greater than Vox (at). 0.8 V is a good nominal value for this quantity. 

Since Vzr, must exceed 0.4 to 0.5 V before base current flows, there is a 
noise margin below which noise spikes and other variations will cause no effect 
on the output. The noise margin can be levered up by inserting a voltage 
divider between the input terminal and the base. 

When a rectangular pulse is applied to a transistor switch, the output 
pulse is both distorted and delayed. There is both rise time and fall time due 
to the charging and discharging of the input capacitance. There is a delay time 
t, caused by the time it takes to move the carriers across the junctions when 
the transistor is turned ON. When turning the transistor OFF, it takes time to 
clear the carriers in transition from the base. This is called storage time t,. 
These times are referred to as switching times. 

Storage time is the most significant of the four switching times because, at 
saturation, the base current is relatively heavy while the base collector voltage 
is too low to provide the force necessary to rapidly move the carriers. 

The rise and fall times are defined for the output current waveform, not 
the output voltage waveform which is inverted. The turn-on time is the sum of 
the delay time and rise time. The turn-off time is the sum of the storage and 
fall times. 

A capacitor shunting the resistor in series with the base, called the 
commutating capacitor, improves all four switching times. By shunting this 
resistor with a low impedance during the input step, the charge and discharge 
currents of the transistor input capacitance are increased, decreasing the rise 
and fall times. Since the capacitor transfers the input step to the base, the 
base-emitter voltage is given a short jump at turn-on which moves the initial 
carriers across the junction faster and reduces the delay time. At turn-off the 
transferred negative step to the base provides a brief increase in base-collector 
voltage which speeds the clearance of carriers still in transition. This improves 
the storage time. 

The Schottky diode is a diode in which the p region is replaced by a 
metal. The metal gives it a lower forward drop. Also in a Schottky diode, the 
electron is the only carrier which speeds the switching time. 

Owing to its low forward drop and fast switching time, the Schottky 
diode can be used as a base-to-collector bypass for a transistor. This enables 
the diode to shunt excess base current around the transistor during saturation. 
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By limiting the transistor base current, there are fewer carriers to clear when 
switching off. This improves the storage time. 

The enhancement MOSFET is constructed without a complete channel 
between the source and drain. The voltage applied to the gate has a threshold 
which can invert the material beneath it and enhance a complete or partial 
channel. The threshold voltage varies with the FET and can be from 1 to 6 V. 
When the magnitude of the gate voltage is lower than the threshold, there is 
no possibility of even a partial channel and the device is OFF. When a com- 
plete channel is enhanced by increasing the gate voltage sufficiently above the 
threshold, the unit is ON. The common source configuration is used for 
switching. 

Vpsvon) 18 the designation of the voltage across the FET when the channel 
is complete. It is specified at a given drain current and gate source voltage. 
This corresponds to the Vega) of the bipolar transistor. The ON region of the 


_ FET has a rounded knee as it approaches the flat pinch-off region. As a result, 


Vosvony 18 less than Vcx;sar) for low output current but crosses over as the current 
is increased. 

When the FET is OFF there is a very small leakage current, called Ips; 
on the order of ~10 nA. 

A noise margin can be obtained by biasing the gate below the threshold 
voltage. 

When switching, the enhancement FET also delays and distorts a rectan- 
gular input. There are four switching times called t,, ty, ta1, and tg. tg; is the 
turn-on delay and is just like ¢, of the bipolar counterpart. t2, very similar to 
storage time, is the time to clear carriers in transit when the channel is 
suddenly pinched off. Clearing is made difficult by the low Vpsion) voltage at the 
time of switching. However, since the FET is voltage operated there is no 
equivalent of excess base current. 

Since the FET has a high gate-source or input impedance, the high- 
frequency cutoff or bandwidth is relatively low. This causes longer rise and fall 
times since they are inversely proportional to the bandwidth. 

The gate is separated from the channel on the monolithic structure by a 
layer of SiO, only 1/10,000 mm thick. This makes the gate very susceptible to 
voltages produced by static charges. As a result, it is necessary to protect the 
gate. This is done by tying the gate input to a dual-level shunt clipper. The 
cathode connection to the drain voltage Vpp limits a positive going voltage; the 
anode connection to the source voltage Vss, usually at ground, limits a negative 
going voltage. 

The complementary symmetry MOS switch, called CMOS, consists of a 
p-enhancement MOSFET and an n-enhancement MOSFET in tandem. The 
gates of the two units are tied together and form the input. Similarly, the 
Output is from the joint drain connection. The source of the p-FET is con- 
nected to the supply voltage while the source of the n-FET goes to ground. 
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A high CMOS input causes the gate voltage of the p-FET to approach 
the source voltage, making V¢s go below the threshold and incur cutoff. The 
same high input causes Vc¢s of the n-FET to become high enough to enhance 
a channel turning the device ON. With the p-FET OFF and the n-FET ON, 
the output is very low or Vpsvon): 

A low CMOS input produces the converse of the above. With VGs suf- 
ficiently negative to enhance a channel, the p-FET goes ON. With V¢s less 
than the threshold voltage, the n-FET goes OFF. This combination yields a 
high output voltage equal to Vpp. 

By connecting the gate and drain of an individual enhancement FET 
together, the Ip versus Vps characteristic approaches linearity. As a result, an 
enhancement MOSFET can be used as a resistor. 

The enhancement MOSFET with gate-drain connection can be used as 
a load resistance for another enhancement MOSFET in a switching applica- 
tion. This configuration is similar to that of the bipolar switch. If both FETs 
are n type, the inputs and outputs are positive and the switch is called NMOS. 
If both FETs are p type, the inputs and outputs are negative and the switch 
is called PMOS. Both PMOS and NMOS switches are inverting like the 
bipolar and CMOS types. 

A JFET with conventional load resistor is sometimes listed for a switch- 
ing application in catalogs. The magnitude of the gate-source reverse voltage 
can readily be made high enough to exceed pinch-off and cut the device off. 
On the other hand, when the gate voltage is made to approach the source 
voltage, the unit can be driven into the ON region. 


PROBLEMS 


1. A switch is made up of a 2N4265 npn switching transistor and a load 
resistor of 1.2K. V-c=12 V. Using the information for this transistor in 
Appendix 6-3, what is the output voltage when 
a. ON? 

b. OFF? 

2. In problem 1 what is the base current and voltage to turn the switch ON? 
Use maximum values. 

3. In problem 1 what is the base voltage to turn the switch OFF? Is it forward 
or reverse biased? Draw the input circuit. (It is not necessary to show 
resistor values. ) 

4. A switch uses the characteristic curves in Fig. 6-38. If V.ce=10 V and 
R, = 1.8K: 

a. What is the output voltage when ON? 

b. What is the input current necessary to turn the switch ON? 

c. Using Fig. 6-39, what is the base-emitter voltage under the conditions 
of problems 4a and b? 
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What is another name given to a switch? Why? 
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In the 2N4013 (Append 
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Fig. 6 
maintain cutoff conditions? Which of the cutoff currents in 


closely represents this condition? 
9, If a higher power transistor with appreciable leakage is used, what prob- 


. Using 


Pi 
8 


1 most 


Table 6- 


lem can the leakage cause? 
10. If Fig. 6-4(e) is used in problem 9, should the base resistor be high or low? 
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What will be the effect on the following in problem 11 if R; is doubled? 
(Numerical values need not be obtained.) 

a. Io. 

b. Vor(sat): 

Cc. VeE(sat): 

What is the maximum ON voltage which can be expected with the 2N4264 
when Voc = 15 V, R, = 1.5K, and Jz; =1 mA. Use Appendix 6-3. 

Under the conditions specified for the 2N4264 in problem 14: 

a. What is Vpe¢aty? 

b. What is the voltage across the base-collector junction? 

c. Is this junction forward or reverse biased? Is this typical of saturation? 
A switching transistor has an R; of 2.2K and Vcc = 15. If Ig is 90 wA and 
Voerat) 18 0.3, what is the minimum /fg required to produce saturation? 
What are Jc and Vc; if the transistor in problem 16 has the following 


replacements? 
a. Are = 100. 
b. here = 50. 


Using Fig. 6-38, with R, =2K and Vcc = 12, find Ar, for the following 

conditions of Jp. 

~ 40 pA. 

. 60 pA. 

80 pA. 

100 pA. 

120 pA. 

. In problem 18 what minimum /z; is required to saturate the transistor? 

. What happens to /fz if the transistor is driven harder into saturation? 

. What is the minimum /z,; to produce saturation if R; in problem 18 is 

860 0? Repeat with R; = 3.3K. 

b. Does R; have an appreciable effect on the minimum h;, to produce 
saturation? 

The saturation conditions for the 2N4237 in Appendix 6-2 are Iz = 100 

mA, Ic =] A, Vcr (cat) = 0.6, and Ve r(cat) = 1.5. 

a. What R, is needed to produce saturation if Vcc =50 V? 

b. What Rz is needed to produce saturation if the applied input voltage 
is 15 V? 

Using the circuit in Fig. 6-7(a) and the input characteristics in Fig. 6-39, 

with Vcc = 12, what is the maximum allowable noise voltage which will 

allow the transistor to remain cut off? 


poponoae 


,Repeat problem 22 using Fig. 6-10 when Rpg, = 2.2K and Rg = 4.7K. 


What do we mean by noise voltage? 

The input to a switch using an npn transistor is shown in Fig. 6-40. Draw 
the output pulse in time relation to the input showing all switching times. 
If the switch in problem 25 is a pnp transistor and the input is shown in 
Fig. 6-41, draw the output pulse showing all switching times. 
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Fig. 


27. 
28. 
29. 


30. 
31. 


32 


33. 
34. 


35. 


36. 


37. 


38. 


+5 


6-40. 


Which of the four switching times are caused by the input capacitance of 

a transistor? 

Which of the four switching times is the most significant and why it is 

related to saturation? | 

a. Which of the four switching times make up the total turn-on time? 

b. Which of the four switching times make up the total turn-off time? 

What addition to the circuit will improve all four switching times? 

What addition to the circuit will improve the storage time only? 

Why is a Schottky diode suited for the application in problem 31? 

What is the internal make up of a Schottky diode? 

a. What type of carriers flow in a regular diode? 

b. What is the carrier flow in a Schottky diode? 

a. In ann-enhancement MOSFET, what are the polarities of the gate and 
drain with respect to the source? 

b. Repeat problem 35a for a p-enhancement MOSFET. 

What is the purpose of the threshold voltage in an enhancement MOS- 

FET? 

An n-enhancement MOSFET uses the characteristics in Fig. 6-42(a). If it 

is used in a switch with Vpp = 12 and R,; = 6.8K: 

a. What is the output when Ves =8 V? 

b. What is the output when Vo; =0 V? 

c. Which of the above cases are ON and OFF? 

A p-enhancement MOSFET uses the characteristics in Fig. 6-42(b). With 

Vop = —12 and R, = 5.6K: 

a. What is the minimum |Vcs5| which will turn the switch ON? 

b. What is the maximum |V¢s| which will turn the switch OFF? 

c. Is Ves in problem 38a and b positive or negative? 


Fig. 6-41. 
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In a CMOS circuit: 

a. Which terminal of which transistor is connected to the source voltage? 

b. Which terminal of which transistor is connected to ground? 

c. To which terminal(s) is the input connected? 

d. From which terminal(s) is the output taken? 

What advantage does a CMOS circuit have over a circuit which employs 

a load resistor? 

What serves as the “‘load resistor” for the ON transistor in CMOS? 

A CMOS circuit uses the 2N4351 and 2N4352 (Appendixes 6-4 and 6-5). 

Vpp = 10. The input levels are +10 and ground. Draw the circuit indicating 

the above transistor types. 

When the input in problem 48 is +10: 

a. What is Vos of the p-FET? 

b. What is Vos of the n-FET? 

c. Which FET is ON? 

d. Which FET is OFF? 

e. What is the output voltage? 

Repeat problem 49 with the input at ground. 

a. Why are enhancement FETs used as resistors in ICs? 

b. What voltage-current relationship must exist for the enhancement FET 
to be used as a resistor? 

c. Why is this function only adaptable to enhancement FETs? 

Using the characteristics of Fig. 6-43, draw the resistor curve. (Ves = Vps) 

What is the average value of this resistance? 

Using the resistor curve of Fig. 6-43, put a load line on Fig. 6-44 with 

Vop =-14V. 

. How many FETs are in an NMOS switch? 

. What is the difference between the upper FET in NMOS and CMOS? 

. Draw the circuit which gives the condition in problem 53. 

. Is it PMOS or NMOS? 

c. Change both the circuit and characteristics to get the other. 

Using the load line on Fig. 6-44 with Vpp = 14 V: 

a. Find the output when V¢s = 14. 

b. Find the output when Vc; = 0. 

With Vpp = 15 and R, = 3.3K, using the JFET characteristics in Fig. 6-37: 

. Find the output when Vc; = 0. 

. Find the output when Vos = —15. 

. Which is the ON condition? 

. What is the minimum Vs which will turn the device ON”? 

. What is the maximum Vos which will keep the device OFF? 
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APPENDIX 6-1 


NPN SILICON ANNULAR MEMORY 
DRIVER 


.. . designed for medium-current, high-speed switching applications. 
Ideally suited for ferrite core memory driver circuits. 


® High Collector-Emitter Breakdown Voltage — 
BVCEQO = 50 Vdc (Min) @ Ic = 10 mAdc — 2N4013 
= 30 Vdc (Min) @ lc = 10 mAdc — 2N4014 


® Guaranteed Fast Switching Times @ lc = 500 mAdc 
ton = 20 ns (Typ) toff = 50 ns (Typ) 
= 35 ns (Max) = 60 ns (Max) 
® Guaranteed High DC Current Gain — 
hFE = 35 (Min) @ Ic = 500 mAdc 


*MAXIMUM RATINGS 


















2N4013 
: 


Collector-Emitter Voltage 


Vdc 




















Total Device Dissipation @ T a = 25°C 
Derate above 25°C 








Collector Current — Continuous Ic 1.0 Adc 
— Peak 
Total Device Dissipation @ Tc = 25°C 
Derate above 25°C 
Operating and Storage Junction Ty.T stg 
Temperature Range 


indicates JEDEC Registered Data. 














Ty = 200°C 
BONDING WIRE LIMITED 
THERMALLY LIMITED 
| @ Tc = 25°C (SINGLE PULSE) 
SECOND BREAKDOWN LIMITED 
PULSE DUTY CYCLE < 10% 
"SECOND BREAKDOWN FOR de: 
OO NOT OPERATE ABOVE THERMAL 
LIMITATION FOR TIMES GREATER 
THAN 1.0 SECUND 
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Courtesy of Motorola, Inc. 
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NPN SILICON 
MEMORY DRIVER 
TRANSISTOR 





SEATING 
PLANE 


Pin 1. Emitter 
2. Base 
3. Collector 





All JEDEC dimensions and notes apply 
CASE 22 
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APPENDIX 6-1 (continued) 


*ELECTRICAL CHARACTERISTICS (Ta = 25°C unless otherwisé noted) 


eS 


OFF CHARACTERISTICS. 


Collector-Emitter Breakdown Voltage (1) 
(1c = 10 mAdc, |g = 0) 2N4014 
2N4013° 





“Collector-E mitter Breakdown Voltage 
(Ico = 10 uAdc, Vge = 0) 2N4014 
2N4013 


Collector-Base Breakdown Voltage 
(Ic = 10 wAdc, Ie = 0) 2N4014 
2N4013 | 


Emitter-Base Breakdown Voltage 
(le = 10 uAdc, lc = 0 
Collector Cutoff Current 
(Voge = 80 Vdc, Veg = 0) 2N4014 
(VcgE = 50 Vdc, Veg = 0) 2N4013 
Collector Cutoff Current 
(Vcg = 60 Vdc, Ie = 0) 2N4014 
(Veg = 40 Vde, I = 0) 2N4013 
(Vog = 60 Vdc, le = 0, Ta . 2N4014 
(Vopg = 40 Vdc, le = 0, Ta 2N4013 
ON CHARACTERISTICS (1) 


DC Current Gain 
(Ic = 10 mAdc, Vcg = 1.0 Vdc) 
(I¢ = 100 mAdc, VcE = 1.0 Vdc) 
(I¢ = 100 mAdc, VcE = 1.0 Vde, Ta = -55°C) 
(Ie = 300 mAdc, VcgE = 1.0 Vdc) 40 = 5 














(I¢ = 500 mAdc, VcE = 1.0 Vde) 35 as “ 
(ic = 500 mAdc, Vcg = 1.0 Vde, Ta = -55°C) 20 - as 
(1c = 800 mAdc, VcE = 2.0 Vde) 2N4014 20 

2N4013 25 : 4 
(Ic = 1.0 Adc, Vcg = 5.0 Vde) 2N4014 25 

2N4013 30 = = 


Be Siete 
WD WwW 
oO 0 

i d 4 
| oa | 
oO 


Collector-Emitter Saturation Voltage VCE (sat) Vdc 
(lc = 10 mMAdc, |g = 1.0 mAdc 2N4014 — 
2N4013 ue 
| (ig = 100 mAdc, Ig = 10 mAdc!) 2N4014 - 
2N4013 = 
(Ic = 300 mAdc, |g = 30 mAdc 2N4014 — 
2N4013 = 
(Ic = 500 mAdc, |p = 50 mAdc) 2N4014 = 
2N4013 = 
(1¢ = 800 mAdc, |g = 80 mAdc) 2N4014 - 
2N4013 es 
(l¢ = 1.0 Adc, |g = 100 mAdc) 2N4014 — 
2N4013 ee 

Base-Emitter Saturation Voltage VBE (sat) Vde 


(I¢ = 10 mAdc, |g = 1.0 mAdc) 
(1¢ = 100 mAdc, |g = 10 mAdc) 
(I¢ = 300 mAdc, Ig = 30 mAdc) 
(1c = 500 mAdc, |g = 50 mAdc) 
(1c = 800 mAdc, Ig = 80 mAdc) 
(1c = 1.0 Ade, Ig = 100 mAdc) 


SMALL-SIGNAL CHARACTERISTICS 


Current-Gain — Bandwidth Product (2) 
(Ic = 50 mAdc, Vcg = 10 Vde, f = 100 MHz) 
Output Capacitance 
(Vcp = 10 Vdc, Ig = O, f = 1.0 MHz) 2N4014 
2N4013 


Input Capacitance 
(Veg = 0.5 Vde, Ic = 0, f = 1.0 MHz) 


“Indicates JEDEC Registered Data. (1) Pulse test: Pulse Width = 300 us, Duty Cycle =1.0%. (2) fr = | Nfe [ © frost 
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APPENDIX 6-1 (continued) 


*SWITCHING CHARACTERISTICS 


1 (Vcc = 30 Vdc, VBE (off) = 3.8 Vde, 
Figures 8, 10) 
: 


(Vcc = 30 Vdc, Ic = 500 mAdc, 
Fall Time 1g1 = !B2 = 50 mAdc) 2N4014 


2N4013 


(Figures 9, 10) 
Turn-Off Time 


*Indicates JEDEC Registered Data. 





TYPICAL DC CHARACTERISTICS 


FIGURE 2 — DC CURRENT GAIN 
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FIGURE 3 — “ON” VOLTAGES 
400 













hrpe, DC CURRENT GAIN 
= 
Oo 


V, VOLTAGE (VOLTS) 


N44 
ee 
ee ees ean fais WH 


Bar SA 
7 COTS \ 






err eS 104-4 


10 100 200 500 1000 10 50 100 200 500 1000 
Ic, COLLECTOR CURRENT (mA) 





Ic, COLLECTOR CURRENT (mA) 
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APPENDIX 6-2: Medium-Power NPN Silicon Transistors Designed for 
Driver Circuits, Switching, and Amplifier Applications. 


STYLE 1: 
PIN 1. EMITTER 
2. BASE Collector connected to case 
3. COLLECTOR 
CASE 31 


MAXIMUM RATINGS. Veo) 


Collector-Emitter Voltage 


Collector-Base Voltage 


Emitter-Base Voltage 


Collector Current — Continuous* 


Base Current — Continuous 


Total Device Dissipation @ T ce = 25°C 
Derate above 20°C 


Operating and Storage Junction 
Temperature Range 


Characteristic 
Thermal Resistance, Junction to Case 


*“The 1.0 Amp maximum Ic¢ value is based upon JEDEC current gain requirements. The 3.0 Amp 
maximum value is based upon actual current-handling capability of the device (see Figure 5). 


FIGURE 1 — POWER-TEMPERATURE DERATING CURVE 





Pp, POWER DISSIPATION (WATTS) 





To, CASE TEMPERATURE (°C) ue. 


Safe Area Curves are indicated by Figure 5. All limits are applicable 
and must be observed. 


Courtesy of Motorola, Inc. 





APPENDIX 6-2 (continued) 


ELECTRICAL CHARACTERISTICS (Tc 


= 25°C unless otherwise noted) 


[<hr «dC Mo | Smilin | won | Un 


OFF CHARACTERISTICS 


Collector-Emitter Sustaining Voltage (1) 


(IQ = 100 mAdc, I, = 0) 2N4237 


2N4238 
2N4239 
Collector Cutoff Current 
( CE = Rated Voro I, = 0) 
Collector Cutoff Current 
(Vor = 45 Vdc, VeB(off) =1 


= 75 Vde, Virpiogsy = 2 


VE B(off) ~ . 
VEB(ot!) . 


(Vopr 


150°C) 


= 50 Vdc, V 2 1 , T,, = 150°C) 
dp , T,, = 150°C) 


EB(off) 
EB(off) — 


Collector Cutoff Current 
(Vop = Rated Vago» Ip = 0) 


= 70 Vdc, V 


= 6.0 Vde, I, = 0) 


DC Current Gain (1) 
Ig = 50 mAdc, Vor 


ce 250 mAdc, Vor = 1.0 Vdc) 
= 500 mAdc, Vor = 1.0 Vdc) 
= 1.0 Vdc) 


= 1.0 Vdc) 


Collector-Emitter Saturation Voltage‘(1) 
(IQ = 500 mAdc, In = 50 mAdc) 
(I, = 1.0 Adc, I, = 0.1 Adc) 
Base-Emitter Saturation Voltage(1) 
(Io = 1,0 Adc, la 0.1 Adc) 


Base-Emitter On Voltage (1) 
(I, = 250 mAdc, Vor = 1.0 Vdc) 
DYNAMIC CHARACTERISTICS 


Current-Gain—Bandwidth Product 
(I, = 100 mAdc, Vor = 10 Vdc, f = 1.0 MHz) 


Output Capacitance 
(Vop = 10 Vdc, Ip 
Small-Signal Current Gain 


(I, = 100 mAdc, Vor = 10 Vdc, f = 1.0 kHz) 


= 0, f = 0.1 MHz) 


(1) Pulse Test: Pulse Width © 300 us, Duty Cycle © 2. 0%. 








SWITCHING CHARACTERISTICS 


FIGURE 2 — SWITCHING TIME EQUIVALENT CIRCUIT 
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APPENDIX 6-3 


NPN SILICON 
SWITCHING AND AMPLIFIER 


NPN SILICON ANNULAR TRANSISTORS TRANSISTORS 


... designed for general-purpose switching and amplifier applications. 


Collector-Emitter Breakdown Voltage — 

BVCEQO = 15 Vde (Min) @ Ic = 1.0 mAdc — 2N4264 
Current Gain Specified from 0.1 mAdc to 200 mAdc 
Complete Switching and Amplifier Specifications 


Collector-Base Capacitance — 
Cob = 4.0 pF (Max) @ Vcp = 5.0 Vde 


a 
i q 


SEATING ~ 


*MAXIMUM RATINGS 


Collector-Base Voltage 


Emitter-Base Voltage 


STYLE | 
PIN1 EMITTER 
2 BASE 
3 COLLECTOR 


Total Power Dissipation @TpaA= 25°C 
Derate above 25°C 


Total Power Dissipation @ Tc = 25°C 
Derate above 25°C 


Operating and Storage Junction 


Temperature Range [ _ [| MILLIMETERS INCHES 


rom | Min | MAX | MIN | MAX 
PA [4.450 -[ 6.200] 0.178 | 0.206 | 
| B | 3.180 | 4190 [0125 | 0165 | 


| D | 0.407 | 0.533 | 0.016 | 0.021 | 
CF] 0.407 [0.482 [0.016 | 0.019 | 
a700_| - ] os | - 
i270 | - | 0.050] 





*Indicates JEDEC Registered Data. 


CASE 29 
TO-92 





Courtesy of Motorola, Inc. 





APPENDIX 6-3 (continued) 


* ELECTRICAL CHARACTERISTICS (Ta = 25°C uniess otherwise noted) 


Characteristic Symbol 


OFF CHARACTERISTICS 


Collector-Emitter Breakdown Voltage 
(I = 1 mAdc, Ip = 0) 2N4264 
2N4265 





Collector-Base Breakdown Voltage 
(I, = 10 pAdc, I, = 0) 


Emitter-Base Breakdown Voltage 
(I, = 10 wAdc, In = 0) 

Collector Cutoff Current 
(Vop = 12 Vdc, Ven off 


Base Cutoff Current 
(Vor = 12 Vdc, V eB(off) 
= 12 Vdc, Ven off 


= 0.25 Vdc) 


=0.25 Vdc) 


= 0.25 Vdc, T, = 100°C) 


(Vor A 


ON CHARACTERISTICS 


DC Current Gain 
(I, = 1 mAde, 


V.... = 1 Vdc) 2N4264 
CE 2N4265 


= 1 Vdeo 2N4264 
CE 2N4265 


= 1 Vdc, T, = -55°C) 2N4264 
2N4265 


(I, = 10 mAdc, V 


10 mAdc, V 


CE A 


= 1 Vdc) 2N4264 
CE 2N4265 


V.... = 1 Vdc) 2N4264 
CE 2N4265 


= 200 mAdc, Vag = 1 Vde) 2N4264 
2N4265 


30 mAdc, V 


100 mAdc, 


Collector-Emitter Saturation Voltage 
(I, = 10 mAdc, I, = 1 mAdc) 


(I, = 100 mAdc, Ip = 10 mAdc) 


Base-Emitter Saturation Voltage 
(I, = 10 mAdc, I, = 1 mAdc) 


(I, = 100 mAdc, I, = 10 mAdc) 


SMALL SIGNAL CHARACTERISTICS 


Current-Gain — Bandwidth Product 
(Ig = 10 mAdc, Vor = 10 Vdc, f = 100 MHz) 


Collector- Base Capacitance 
(Von = 5 Vdc, In = 0, f = 100 kHz) 


Input Capacitance 


(Ver = 0.5 Vdc, I, =0, f = 100 kHz) 


C 
SWITCHING CHARACTERISTICS 


Turn-On Time Figure 1, Test Condition A 
ce 10 mAdc, IB1 = 3 mAdc 
Turn-Off Time Figure 1, Test Condition A 
| me . i = ah 
In = 3 mAdc, Ino = 1.5 mAdc 


Storage Time Figure 1, Test Condition B 
Voc = 10 Vdc, In = 10 mAdc, 


151 = Ino = 10 mAdc 
; Figure 1, Test Condition C 
Delay Time an Px 
; Figure 1, Test Condition C 
Storage Time wae: -. 
Fall Time Int = Ino = 10 mAdc 
Total Control Charge = 3 Vdc, Io = 10 mAdc, Ib = mAdc 


*Indicates JEDEC Registered Data 
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APPENDIX 6-4 


Q 


Silicon N-channel MOS field effect transis- 


CASE 20-02 tors, designed for enhancement- mode operation in low 
(TO-72) power switching applications. The 2N4351 is com- 
ee) plementary with type 2N4352. 

fe) PIN 1. SOURCE 
es. “ole 2. GATE 

P 3. DRAIN 

4. SUBSTRATE AND 
4 CASE LEAD 


MAXIMUM RATINGS (Ta = 25°C unless otherwise noted) 


Rating Symbol Value Unit 
Drain-Source Voltage 


Gate-Source Voltage 


Power Dissipation at tT, = 25°C 
Derate above 25°C 












Power Dissipation at Ta = 25°C 
Derate about 25°C 


Operating Junction Temperature 
Storage Temperature Range 


HANDLING PRECAUTIONS: 






MOS field-effect transistors have extremely high input resistance. They can be damaged 
by the accumulation of excess static charge. Avoid possible damage to the devices while 
handling, testing, or in actual operation, by following the procedures outlined below: 

1. To avoid the build-up of static charge, the leads of the devices should remain 
shorted together with a metal ring except when being tested or used. 

2. Avoid unnecessary handling. Pick up devices by the case instead of the leads. 

3. Do not insert or remove devices from circuits with the power on because transient 
voltages may cause permanent damage to the devices. 


Courtesy of Motorola, Inc. 





APPENDIX 6-4 (continued) 


ELECTRICAL CHARACTERISTICS (Ta = 25°C unless otherwise noted) 


Substrate connected to source. 


OFF CHARACTERISTICS 


Drain-Source Breakdown Voltage 
(Ip = 10 yA, Vgg = 0) 


























Gate Leakage Current 
(Vag = #30 Vde, Vig = 0) 


Zero-Gate- Voltage Drain Current 






ON CHARACTERISTICS 


Gate-Source Threshold Voltage 
(Vpg = 10 V, Ip = 10 uA) 


‘“‘ON’’ Drain Current 


Drain-Source ‘‘ON’’ Voltage 
(Ip = 2mA, Vgg = 10 V) 


SMALL SIGNAL CHARACTERISTICS 


Drain-Source Resistance 
(Vgg = 10 Vis Ip = 0, f = 1 kHz) 


Forward Transfer Admittance 

(Vpsg = 10 V,Ip = 2mA,f = 1 kHz) 
Reverse Transfer Capacitance 

(Vps = 0, Vag 7 0,1 140 kHz) 
Input Capacitance 

(Vpg = 10 V, Vgg= 0, f = 140 kHz) 


Drain-Substrate Capacitance 
(Vp(suB) = 10 V, f = 140 kHz) 


SWITCHING CHARACTERISTICS 






Turn-On Delay 1 = 2.0 mAdc,V = 10 Vdc, 


DS 


GS = 10 Vde 


(See Figure 10; Times 


Circuit Determined) 
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APPENDIX 6-4 (continued) 


SWITCHING CHARACTERISTICS 
(Ta = 25°C ) 


FIGURE 6 — TURN-ON DELAY TIME 
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FIGURE 10 — SWITCHING CIRCUIT 
and WAVEFORMS 
V OUTPUT TO SAMPLING 

' OSCILLOSCOPE 


The switching characteristics shown above were measured in a test circuit 
similar to Figure 10. At the beginning of the switching interval, the gate voltage is 
at ground and the gate-source capacitance (Cg; = Ciss —Crss) has no charge. The 
drain voltage is at Voo, and thus the feedback capacitance (Crss) is charged to 
Voo. Similarly, the drain-substrate capacitance (Cajsub)) is charged to Vpoo since 
the substrate and source are connected to ground. 
tte < 2ns During the turn-on interval, Cgs is charged to Ves (the input voltage) through 
DUTY CYCLE ~" 2% Rs (generator impedance) (Figure 11). Crss must be discharged to Ves — Voj{on) 
through Rs and the parallel combination of the load resistor(Ro) and the channel 
resistance (fds). In addition, Ca(sus) is discharged to a low value (Vp(on}) through Ro 
in parallel with ras. During turn-off this charge flow is reversed. 

Predicting turn-on time proves to be somewhat difficult since the channel 
resistance (rds) is a function of the gate-source voltage (Ves). As Cg; becomes 
charged Ves is approaching Vin and ras; decreases (see Figure 4) and since Crss 
and Cd(sub) are charged through Fa, turn-on time is quite non-linear. 

If the charging time of Cgs is short compared to that of Crss and Caysub), then 
rds(Which is in parallel with Ro) will be low compared to Ro during the switching 
interval and will largely determine the turn-on time. On the other-hand, during 
turn-off ras will be almost an open circuit requiring Crss and Cajsub) to be charged 
through Ro and resulting in a turn-off time that is long compared to the turn-on 
time. This is especially noticeable for the curves where Rs = 0 and Cg; is charged 


H through the pulse generator impedance only, 
FIGURE 11 ae, SWITCHING CIRCUIT with The switching curves shown with Rs = Ro simulate the switching behavior 


MOSFET EQUIVALENT MODEL of cascaded stages where the driving source impedance is normally the same as 


the ioad impedance. The set of curves with Rs = 0 simulates a low source im- 
pedance drive such as might occur in complementary logic circuits. 
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APPENDIX 6-5 


Silicon P-channel MOS field-effect transistor de- 
signed for enhancement-mode operation in low-power 


(10-72) switching applications. The 2N4352 is complementary 
with type 2N4351. 





STYLE 2 
° PIN1. SOURCE 
° 3. DRAIN 
4. SUBSTRATE AND 
4 CASE LEAD 


MAXIMUM RATINGS (Ta = 25°C unless otherwise noted) 


Drain-Source Voltage 


Drain-Gate Voltage 


Power Dissipation at T, 
Derate above 25°C 


Power Dissipation @ Tc = 
Derate above 25°C 





HANDLING PRECAUTIONS: 


MOS field-effect transistors have extremely high input resistance. They can be damaged 
by the accumulation of excess static charge. Avoid possible damage to the devices while 
handling, testing, or in actual operation, by following the procedures outlined below: 

1. To avoid the build-up of static charge, the leads of the devices should remain 
shorted together with a metal ring except when being tested or used. 

2. Avoid unnecessary handling. Pick up devices by the case instead of the leads. 

3. Do not insert or remove devices from circuits with the power on because transient 
voltages may cause permanent damage to the devices. 


Courtesy of Motorola, Inc. 


APPENDIX 6-5 (continued) 


ELECTRICAL CHARACTERISTICS (Ta = 25°C unless otherwise noted) 


Substrate connected to source. 


OFF CHARACTERISTICS 
Drain-Source Breakdown Voltage : 
(Ip = -10 LA, Vcs = 0) 


Gate Leakage Current 
(Vgs =+30V, Vps = 0) 


Zero-Gate Voltage Drain Current 
(Vps = -10 V, Vos = 0) 





ON CHARACTERISTICS 





Gate-Source Threshold Voltage 






‘-ON’’ Drain Current 
(VGs = -10 Vpg = -10 V) 


Drain-Source ‘''ON’' Voltage 
(Ip = -2.0 mA, Vos = -10 V) 










SMALL SIGNAL CHARACTERISTICS 






Drain-Source Resistance 
(Vcs = -10 V, Ip = 0,f = 1 kHz) 






Forward Transfer Admittance 1 
(Vps = -10 V, Ip = 2 mA, f = 1 kHz) 






pages ee ee Ped 






Reverse Transfer Capacitance 
(Vpg = 0, Vgg = 0, f£ = 140 kHz) 


Input Capacitance 
(Vos = -10 V, Vos = 0, f=140 kHz) 









Drain-Substrate Capacitance 
(VD(SUB)= -10 V, f=140 kHz) 
















SWITCHING CHARACTERISTICS 


Turn-On Delay 
Turn-Off Delay 


Fall Time : 


I, = -2.0 mAdc, 





Ving = -10 Vde, Veg = -10V 


(See Figure 10, Times 













Circuit Determined) 
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APPENDIX 6-5 (continued) 
SWITCHING CHARACTERISTICS 


ta, TURN-ON DELAY TIME (ns) 


taz, TURN-OFF DELAY TIME (ns) 















(Ta = 25°C) 


FIGURE 7 — RISE TIME 
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FIGURE 10 — SWITCHING CIRCUIT 
and WAVEFORMS 


OUTPUT TO SAMPLING 


OSCILLOSCOPE 









tty 2ns 
PW 10 jus 


DUTY CYCLE 





2% 





Ip, DRAIN CURRENT (mA) 


The switching characteristics shown above were measured in a test circuit 
similar to Figure 10. At the beginning of the switching interval, the gate voltage is 
at ground and the gate-source capacitance (Cgs = Ciss —Crss) has no charge. The 
drain voltage is at Vop, and thus. the feedback capacitance (Crss) is charged to 
Voo. Similarly, the drain-substrate capacitance (Cajsub)) is charged to Vop since 
the substrate and source are connected to ground. 

During the turn-on interval, Cgs is charged to Ves(the input voltage) through 
Rs (generator impedance) (Figure 11). Crss must be discharged to Vos — Vpbjon) 
through Rs and the parallel combination of the load resistor(Ro) and the channel 
resistance (ras). In addition, Ca(sus) is discharged to a low value (Vpjon)) through Rp 
in parallel with ras. During turn-off this charge flow is reversed. 

Predicting turn-on time proves to be somewhat difficult since the channel 
resistance (rds) is a function of the gate-source voltage (Ves). As Cgs becomes 
charged Ves is approaching Vin and ras decreases (see Figure 4) and since Crss 
and Ca(sub) are charged through ras, turn-on time is quite non-linear. 

If the charging time of Cgs is short compared to that of Crss and Ca(sub), then 
rds(which is in parallel with Ro) will be low compared to Ro during the switching 
interval and will largely determine the turn-on time. On the other hand, during 
turn-off 74s will be almost an open circuit requiring Crss and Caysub) to be charged 
through Ro and resulting in a turn-off time that is long compared to the turn-on 
time. This is especially noticeable for the curves where Rs = 0 and Cg; is charged 
through the pulse generator impedance only. 

The switching curves shown with Rs = Rp simulate the switching behavior 
of cascaded stages where the driving source impedance is normally the same as 
the load impedance. The set of curves with Rs =O simulates a low source im- 
pedance drive such as might occur in complementary logic circuits. 


FIGURE 11 — SWITCHING CIRCUIT with 
MOSFET EQUIVALENT MODEL 
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APPENDIX 6-6: Handling Procedures for CMOS Devices. 


HANDLING PRECAUTIONS 
Motorola CMOS devices have diode input protection 
against adverse electrical environments such as electro- 
static discharge. In regards to this, the following statement 
is included on each data sheet: 
This device contains circuitry to protect the inputs 
against damage due to high static voltages or electric 
fields; however, it is advised that normal precautions be 
taken to avoid application of any voltage higher than 
maximum rated voltages to this high impedance circuit. 
For proper operation it is recommended that Vjp and 
Vout be constrained to the range Vss < (Vin or Vout) 
Vpp. Unused inputs must always be tied to an appro- 
priate logic voltage level (e.g., either Vss or Vpp). 











Unfortunately, severe electrical - transient voltages 
can be generated during handling. For example, static 
voltages generated by a person walking across a common 
waxed floor have been measured in the 4 to 15 kV range 
(depending on humidity, surface conditions, etc.) These 
static voltages are potentially dangerous when discharged 
into a CMOS input, considering the energy stored in 
the capacity (~ 300 pF) of the human body at these 
voltage levels. 


Present CMOS gate protection structures can generally 
protect against overvoltages. This is usually sufficient 
except in the severe cases. 


The input protection circuit, while adding some delay 
time, provides protection by clamping positive and negative 
potentials to Vpp and Vss, respectively. Figure 1 shows 
the internal circuitry for the diode-resistor protection. 


The input protection circuit consists of a series isolation 
resistor Rs, whose typical value is 1.5 K{2, and diodes 
D1 and D2, which clamp the input voltages between the 
power supply pins Vpp and Vss. Diode D3 is a distributed 
structure resulting from the diffusion fabrication of Rs. 





FIGURE 1 — SCHEMATIC DIAGRAM, 
DIODE-RESISTOR INPUT PROTECTION 


Courtesy of Motorola, Inc. 


In addition to the internal protection network, the 
following steps are recommended to further reduce damage ~ 
to CMOS integrated circuits due to improper handling. 


. All CMOS devices should be stored or transported in 


materials that are antistatic. CMOS devices must not 
be inserted into conventional plastic ‘snow’, 
styrofoam or plastic trays, but should be left in 
their original container until ready for use. 


. All CMOS devices should be placed on a grounded 


bench surface and operators should ground them- 
selves prior to handling devices, since a worker can 
be statically charged with respect to the bench 
surface. Wrist straps in. contact with skin are strongly 
recommended. See Figure 2. 


. Nylon or other static generating materials should 


not come in contact with CMOS circuits. 


. If automatic handling is being used, high levels of 


static electricity may be generated by the movement 
of devices or boards. Avoid this by grounding suspect 
areas and/or by the use of ionized air blowers. 


. Cold chambers using COg for cooling should be 


equipped with baffles, and devices must be contained 
on or in conductive material. 


. When lead-straightening or hand-soldering is neces: : 


sary, provide ground straps for the apparatus used 
and be sure that soldering ties are grounded. 


. The following steps should be observed during wave — 


solder operations. 

a. The solder pot and conductive conveyor system 
of the wave soldering machine must be grounded 
to an earth ground. 

b. The loading and unloading work benches should 

have conductive tops which are grounded to an 

earth ground. 

Operators must comply with precautions previ- 

ously explained. 

d. Completed assemblies should be placed in anti- 
static containers prior to being moved to subse- 
quent stations. 


QO 
2 
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SILICON N-CHANNEL 
JUNCTION FIELD-EFFECT TRANSISTORS 


Depletion Mode (Type A) Junction Field-Effect Transistors designed 
for chopper and high-speed switching applications. 


® Low Drain-Source ‘‘On”’ Resistance — 
rds(on) = 30 Ohms (Max) @ f = 1.0 kHz (2N4391) 


® Low Gate Reverse Current — 
IGSS = 0.1 nAdc (Max) @ Vgs = 20 Vde 


® Guaranteed Switching Characteristics 


MAXIMUM RATINGS 
Rating 


Drain- é 
Gate -Source Voltage Vos | 40 


Forward Gate Current 


Total Device Dissipation @T 
Derate above 25°C 


Rin = 50 Ohms 
TEKTRONIX 567 
INPUT 


t | 
tt fa be t 
| 
OUTPUT WAVEFORM 


Courtesy of Motorola, Inc. 
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N-CHANNEL 


JUNCTION FIELD-EFFECT 
TRANSISTORS 


(Type A) 


STYLE 4: 
PIN 1. SOURCE 
2. DRAIN 
3. GATE &CASE 


All JEDEC notes and dimensions apply. 


CASE 22-03 
(TO-18) 





APPENDIX 6-7 (continued) 


ELECTRICAL CHARACTERISTICS (Ta = 25°C unless otherwise noted) 
OFF CHARACTERISTICS 


Gate-Source Breakdown Voltage 


(Iq = 1.0 pAdc, Vong = 0) 





Gate-Source Forward Voltage 





(I, = 1.0 mAde, Vig = 0) 
Gate-Source Voltage 
(Vg = 20 Vde, I, = 1.0 nAdc) ae 
2N4393 
Gate Reverse Current 
(Vig = 20 Vdc, Vos = 0) 
(Vag = 20 Vdc, Ving =O Ty = 150°C) 
Drain-Cutoff Current 
(Ving = 20 Vdc, Vag = 12 Vdc) 2N4391 
(Vig = 20 Vdc, Vas = 7,0 Vdc) 2N4392 
(Vig = 20 Vdc, Vig = 5.0 Vde) 2N4393 
(Vins = 20 Vdc, Vg = 12 Vde, tT 150°C) 2N4391 
(Ving = 20 Vde, V.. = 7.0 Vde, T, = 150°C) 2N4392 
(Vig = 20 Vdc, Vgg = 5:0 Vde, 7, 150°C) 2N4393 


ON CHARACTERISTICS 


Zero-Gate Voltage Drain Current (1) 
(V.. = 20 Vde, V,. = 0) 2N4391 
a e 2N4392 
2N4393 


Drain-Source "ON" Voltage 
(Ih = 12 mAdc, Vas = 0) 2N4391 
2N4392 
(In = 3.0 mAdc, Vos = 0) 2N4393 


Static Drain-Source ''ON" Resistance 
(I, = 1.0 mAdc, V = 0) 2N4391 
D oe 2N4392 
2N4393 





SMALL-SIGNAL CHARACTERISTICS 


Drain-Source "ON" Resistance * ds(on) 
(Vag =0, 1, = 0, f = 1.0 kHz) 2N4391 
2N4392 
2N4393 


Input Capacitance | C. E pF 
(Vig = 20 Vde, Vag = 0, f = 1.0 MHz) oe Mirae 
Reverse Transfer Capacitance 

(V 


(V 


-0.V rss 


=0,V 
=0, V 


DS = 12 Vdc, f = 1.0 MHz) 2N4391 


DS GS 
DS GS 
SWITCHING CHARACTERISTICS 


Turn-On Time (See Figure 1) 


(on) = 6.0 mAdc) 2N4392 
(pon) = 3.0 mAdc) 2N4393 


GS 


= 7.0 Vdc, f = 1.0 MHz) 2N4392 
= 5.0 Vdc, f = 1.0 MHz) 2N4393 





Rise Time (See Figure 1) 
(pon) = 12 mAdc) 2N4391 


(yon) = 6.0 mAdc) 2N4392 
(bon) = 3.0 mAdc) 2N4393 


Turn-Off Time (See Figure 1) 
(V Gsvott) = 12 Vdc) 2N4391 


(V Gs(ott) = 7.0 Vdc) 2N4392 

(Vescott) = 5.0 Vdc) 2N4393 
Fall Time (See Figure 1) 

(V escort) = 12 Vdc) 2N4391 

(V Gscott) = 7.0 Vdc) 2N4392 

(V Gscort) = 5.0 Vdc) - 2N4393 





()\Bulse Test: Pulse Width < 100 us, Duty Cycle < 1.0%. 





The IC Switch 


This chapter is an introduction to the integrated circuit. The switch (or in- 
verter) discussed in the previous chapter is embodied in a chip with connec- 
tions, ratings, and specifications assigned to a “black box.”’ Only ratings 
directly applicable to the inverter will be discussed here. Other specifications, 
like currents, will be discussed with the circuit that necessitates their usage. 
Since it is a very popular digital’ integrated circuit family about which much 
information is available, TTL circuits will be primarily used for examples. 
Additional reference will also be made to CMOS in many instances. 


7-1 THE BLOCK DIAGRAM AND CONNECTIONS 


7-1.1 Pin Designation 


254 


Every component with any degree of complexity has to have some system 
which identifies the external terminal with the functional element within. For 





example, when you pick up a diode you have to know which lead goes to the 
anode and which to the cathode. In using a transistor, you have to know which 
of the three leads is the emitter, base, or collector. ‘The means of indentifica- 
tion is even more important with an IC chip which can have multiple circuits 


within or have one circuit with multiple inputs and outputs. 


Since there are many terminals which can be related to numerous circuit 
functions, there has to be a numbering system to indentify the pin number. 
Figure 7-1 shows the numbering system of a typical chip. Note the notch on 
the left. This is the key. The pins are numbered counterclockwise around the 
device looking from the top. Remember this distinction: You identify the 
terminals of an IC from the top; the terminals of a transister from the bottom. 


‘A switch is digital in operation because it has two positions. 
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Fig. 7-1. Terminal designations—IC chip. The numbers, which have been added, refer 
to pin numbers. (Courtesy of Texas Instruments.) 


7-1.2 Block Diagram 


The connection to the internal circuit is shown in the block diagram. This 
diagram for the inverter is in Fig. 7-2.* The little squares on the perimeter 
contain the pin numbers. The function at each connection 1s specified outside 
of the square. Special attention must be given to terminals 14 and 7. These are 
the connections to the supply voltage and ground. 

Note that there are six inverters in the package. In defining the function, 
the inputs are referred to as A and the outputs Y. The reason for six inverters 
per chip is dictated by the total number of leads: 


6 inputs + 6 outputs + supply voltage + ground = 14 
7-1.3 Supply Voltage 


The supply voltage for a common TTL family, which includes the inverter and 
a vast number of digital circuits, is 4.75 V min, 5 V nominal, 5.25 V max. 
These are operating voltages. The absolute maximum is 7 V except for the 
low-power type which can take 8 V. 

CMOS circuitry has two series with different voltage ratings. The B 
series has 


* The little circle, called bubble, on the output of the inverter symbol indicates a low-level 
out. The lack of a bubble on the input indicates a high-level in. 
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Vcc 6A 6Y 5A 5Y 4A 4ay 





1A 1v 2A 2Y 3A 3¥Y GND 


SN5404/SN7404(J, N) SN5404/SN7404(W) 
SN54H04/SN74H04(J, N) SN54H04/SN74H04(W) 
SN54L04/SN74L04(J, N) SN54L04/SN74L04(T) 


SN54LS04/SN74LS04(J, N, W) 
SN54S804/SN74S04(J, N, W) 


Fig. 7-2 Block diagram—inverter chip. (Courtesy of Texas Instruments.) 


an operating range from 3 to 18 V; 
nominal levels, called parametric ratings, of 5, 10, and 15 V; 
an absolute maximum of 20 V and a mimimum of —0.5 V. 


The A series has 


an operating range from 3 to 12 V; 
parametric ratings of 5 and 10 V; 
an absolute maximum of 15 V and a mimimum of —0.5 V. 


For TTL the supply voltage is called Vcc, indicating a path to the col- 
lectors of the internal transistors. For CMOS a ground terminal is not desig- 
nated. The supply connections are referred to as Vpp and Vs. indicating access 
to the drain and source of the internal elements. However, Vss is usually 
connected to ground in actual operation. The CMOS voltage ratings men- 
tioned in the previous paragraph are measurements of Vpp referenced to Vss. 


7-2 INPUT AND OUTPUT VOLTAGE LEVELS 


In every switch there are two input voltage levels referred to as high and low. 
One turns the switch ON; the other turns it OFF. They are designated V;, and 
Viz. Similarly, there are two output voltage levels representing an ON and 
OFF condition. These are designated Vo; and Vo, and occur in opposition to 
the input levels. 
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7-2.1 V,, and V,, 


For the TTL digital circuits high and low input voltage levels are specified as 
follows: 7 


Vig =2 V min Viz = 0.8 V max 


To understand the purpose of minimum and maximum, let us assume a high- 
level voltage turns the switch ON and a low level turns it OFF. If the input is 
2 V or above, all devices of this type will turn ON. If this voltage is 0.8 V or 
below, all devices of this type will turn OFF. A voltage in between 2 and 0.8 
will leave some ON and some OFF so that the user does not know what to 
expect. As a result of this, 2 V is the minimum input which assures all will 
switch ON; 0.8V is the maximum input which assures all will stay OFF. This 
is shown graphically in Fig. 7-3, assuming the input level can vary between +5 
V and ground where +5 is the nominal Vcc. 


V 


in 


(Volts) 


All switches on 


| ae zs 
YL _ _ ed 





All switches OFF 
i | 


Fig. 7-3 Meaning of Vi, and Vy. 
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Pais 
(Volts) 
Voc 5 
4 
Upper level 
3 
Vou 
Ae _ 
2 [_ 
ae (max) 


Lower Level 


Fig. 7-4 Range of output voltage levels. 


7-2.2 Vou and Vor 
The output voltage levels for TTL digital circuits are 


Vou = 2.4 min 3.4 typical, 
Vor = 0.2 typical, 0.4 max, 


under specific conditions of input® and supplying maximum current. 

This means that the output levels will vary from chip to chip even if they 
are the same type with the same conditions applied. The typical value is the 
voltage most likely to be found. Although there are variations, the manu- 
facturer assures that the high level will never go below a minimum of 2.4 V, 
and the low level will never go above a maximum of 0.4 V. This is demon- 
strated in Fig. 7-4 assuming a supply level of +5 volts. Any voltage above 
Vonmin) can be considered HIGH and any voltage below Vo;(max) can be consid- 
ered LOW. This is why the maximum Vo, and minimum Vo, are not specified. 
In fact, the two output levels are limited by Vcc and ground. 


. Virtus) for Von and Via =2 V for Vor. 
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Most systems use this nomenclature for input and output voltage levels. 
A-series CMOS has some exceptions which will be explained in the discussion 
pertinent to that system (Sec. 9-2.9). The voltage levels for the B-series CMOS 
are listed in Table 7-1 for the various supply voltages. The B and UB mean 
buffered and unbuffered, a difference in construction which has some effect 
on the input levels. 





TABLE 7-1 Voltage levels and noise margin (at 25°C) for the B-Series CMOS." 


| Noise VoLmax) Vormin) 
Vop (Viz (max) at Vo) (Vizmin) at Vo) Margin at Vin = Vop at Vin = ground 
5 15 4.5 Des 0.5 1.0 0.05 4.95 
B 10 = 3.0 9.0 7.0 1.0 2.0 0.05 9.95 
15 = 4.0 13.5 11.0 1.5 2.5 0.05 14.95 
5 1.0 4.5 4.0 0.5 0.5 0.05 4.95 
UB 10 2.0 9.0 8.0 1.0 1.0 0.05 9.95 
15 2.5 13.5 12.5 i es 1.0 0.05 14.95 


*Data from COS/MOS Integrated Circuits, RCA. 


7-3 NOISE IMMUNITY 
7-3.1 TTL Noise Margin 


Let us now take the input and output voltage level specifications of the pre- 
vious section and reorganize the information: 


Voy = 2.4 min Vi, = 0.8 max 
Vin = 2.0 min Vor = 0.4 max 


Notice that while the inverter will respond to any high-level input in excess of 
2 V, the output will always be >2.4 V. As a result, if one inverter drives 
another, there will be a 0.4-V safety margin between the driver voltage and 
that required by the input. Since the inverter voltage levels are indicative of 
other TTL circuits, this apparent luxury will be available whenever TTL 
circuits are cascaded. 

The same situation applies with lower levels. The input will respond to 
any low level signal <0.8 V while the output voltage will always be <0.4 V, 
again a margin of 0.4 V. | 

The 0.4-V difference between input and output levels is called the noise 
margin. Any negative noise spike on the same line with a high-level voltage 
will not encroach if it is <0.4 V. Similarly, any positive noise spike on the same 





260 = The IC Switch CHAPTER 7 


line with a low-level voltage has to be >0.4 V to cause trouble. Figure 7-5 
demonstrates the effect of noise on lines and the advantage of a noise margin. 


Example 7-1 A circuit operates with the input levels V;,=3 V min, Vj; =1 


V max. What output levels are necessary to give the circuit a noise margin of 
0.8 V? 


Solution The minimum Voy should exceed Viz by 0.8 V, 
Von =3 + 0.8 =3.8 
The maximum Vo, should be 0.8 V less than V,,, 
Vor =1-0.8=0.2 
7-3.2 CMOS Noise Margin 


In TTL there is little variation in voltage levels and subsequent noise margin 
over the aggregation of small-scale units. With CMOS there are different sets 
of input voltages for both the supply voltage range and the construction of the 
unit. This gives rise to a proliferation of noise margins. 









ise spikes P——~ Noise spikes 
<0.4 a UA —_ 


Fig. 7-5 Noise spikes and noise margin. 
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Also CMOS does not use the maximum Vo, or the minimum Vo; in the 
determination of noise margin. As indicated in Table 7-1, Vieaminy and Viz (max) 
are specified for a given output voltage Vo, while Voronin) aNd Vormaxy are 
specified at the nominal input levels of ground and Vpp. Since the input voltage 
limits and Vo occur concurrently, noise margin is based on the differences 
between these levels. 


Example 7-2. What are the upper and lower level noise margins of a buffered 
B-series CMOS circuit with a Vpp of 10 V? 


Solution The data for solution are in Table 7-1. 


Upper level 
Vir(min) =7V 
High-Level Vo =9 V 
Noise margin = 2 V 


Lower level 
Virgo = 3 V¥ 
r Low-Level Vo =1 V 
Noise margin = 2 V 


B-series CMOS noise margins are listed in Table 7-1 along with the levels 
used to calculate them. The following is evident from the table. 


1. CMOS has appreciably wider noise margins than TTL. 
2. Buffered units have wider noise margins than unbuffered and the 
margins increase with Vpp. 


7-3.3 Minimization of Noise 


Making circuits immune to noise spikes below a certain amplitude is only one 
way to reduce the effect of noise. Another way is to reduce the noise itself. 
Two ways to do this are listed below. 


1. Use low-impedance circuitry. 
2. Avoid high-speed circuitry, if possible. 


Section 4-4 deals with the effect of distributed parameters. It points out 
how a step is coupled to one line from another via the distributed capacitance 
and how this capacitance forms a differentiating circuit in conjunction with the 
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resistance to ground on the effected line. See Figs. 4-17 and 4-18. A noise 
spike is coupled the same way as a step. | 

The coupled spike is limited in width by the time constant of the differen- 
tiating circuit. Low-impedance circuitry connected to the line will reduce this 
time constant and, as a result, narrow the spike. 

Distributed capacitance also exists between a line and ground. This 
capacitance will decrease the bandwidth of the line and in turn increase the 
rise time of an imposed signal or noise spike. [Refer to Eqs. (2-4a) and (2-6) 
and Figs. 4-15 and 4-16.] 

If a noise spike is narrow enough, the increase in rise time will reduce the 
amplitude. In other words the spike will be partially filtered out by the distrib- 
uted shunt capacitance (see Figure 7-6). Sufficient reduction in amplitude will 
prevent the spike from exceeding the noise margin. 

Even if a spike does exceed the noise margin it has to remain a sufficient 
time to produce an undesirable result. High-speed circuitry responds to very 
short pulses. Slower circuitry takes longer to react making it possible for a 
short spike to be there and gone before the circuit has a chance to respond. 


Fig. 7-6 Filtering of short pulse with distributed shunt capacitance (causes increased 
rise time). 


7-4 PROPAGATION DELAY 
7-4.1 Definition and Measurement 


Every time a transistor switches there are rise and fall times and delays before 
the new level is reached. Within the integrated circuit chip, these times accu- 
mulate as the signal passes through several stages in its path from input to 
output. The propagation delay is the overall effect of these accumulated times 
and is measured at the 50% points as in Fig. 7-7. This measurement is directly 
related to the speed of operation. 

The symbols for expressing propagation delay are t,;, and t,y,. The ¢, 
means propagation time, while H and L refer to the high and low levels of the 
output. Putting this together, 
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Output 
pulse | 





Fig. 7-7 Propagation delay. 


tpiy is the propagation delay when the output goes from LOW to HIGH. 
tpt 1s the propagation delay when the output goes from HIGH to LOW. 


Example 7-3 The input and output pulses of an inverter are shown in n Fig. 7-8 
with significant times and voltages indicated. Find t,,4 and thy. 


Pe NYO Wo BRN 





10 20 30 40 50 60 70 80 


out 


Ww AR WN OO 


— 





© 


0 10 20 30 40 50 60 70 80 


> 
Time (ns) 


Fig. 7-8. 
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Solution The times at the 50% points are as follows: 


Input LOW to HIGH, 5 nsec. 
Input HIGH to LOW, 45 nsec. 
Output HIGH to LOW, 12.5 nsec. 
Output LOW to HIGH, 65 nsec. 


tory is measured between input and output 50% points when the output goes 
from HIGH to LOW. Therefore, 


tour = 12.5 -—5=7.5 nsec 


tpru is measured between input and output 50% points when the output goes 
from LOW to HIGH. Therefore, 


CyLH = 65 — 45 = 20 nsec 


Some typical values of propagation delay are listed in Table 7-2 for a few 
basic circuits in the TTL and CMOS systems. Notice that these are typical 
values. The maximum values are about twice this amount. 

Except for the low-power L series, the CMOS devices have greater 
delays than TTL, resulting in slower operation. These delays are caused by the 
long internal rise and fall times which are the result of greater voltage swings 
and the high impedance of the gate structure. This is discussed in Secs. 6-7 and 
7-4.2. 


7-4.2 Effect of Rise and Fall Times 


The propagation delay is made up of both the delay and the rise and fall times. 
As mentioned in the previous chapter (Sec. 6-5), the rise and fall times can be 
improved in subsequent stages, but the delays accomulate as stages are added. 

When units are cascaded, another factor has to be considered. Since 
every circuit has a threshold at which operation begins, input rise and fall 
times will cause a delay in reaching that threshold. This effect is exhibited in 
Fig. 7-9 where 


. the input pulse is from a previous stage having levels Voy and Voz; 

. the output pulse also has levels Voy and Voz; 

. the input pulse does not effect the circuit until Vj, and Vj, are reached 

. Storage times ¢, and delay times ¢, (refer to Sec. 6-5) are assumed to 
be 0. 


fi © E& & 


Note that the time for the input pulse to reach triggering levels Viq and Viz 
causes a delay in the output signal. 
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TABLE 7-2. TTL and CMOS typical propagation delays. * 


Package 


Number 
7404 
74L04 
74H04 
T4LS04 
74804 
4000B 
4000B 
4000B 
4000UB 
4000UB 
4000UB 
4000A 


4000A 


These messages are presented in this section: 


System 
TTL 


CMOS 
CMOS 
CMOS 
CMOS 
CMOS 
CMOS 
CMOS 


CMOS 


Logic 


Function 


inverter 
inverter 
inverter 
inverter 
inverter 
NOR gate 
& inverter 
NOR gate 
& inverter 
NOR gate 
& inverter 
NOR gate 
& inverter 
NOR gate 
& inverter 
NOR gate 
& inverter 
NOR gate 
& inverter 
NOR gate 
& inverter 
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Supply 
Voltage 


10 


LpLH 
(nsec) 


12 
35 


ZS 


lpHL 
(nsec) 


Py 


* All the CMOs packages in the table contain two NOR gates and an inverter, all separate, in one 
chip. Each unit has the same propagation delay. 


a. The actual propagation delay of a circuit can be appreciably higher 
than the specified value if the input pulse has considerable rise and 
fall time. 

b. Distributed capacitance and other capacitance on the input line in- 
crease rise and fall time and can become a factor in the actual delay 
of a circuit. 


° Viz and Viz. 


Example 7-4 The input pulse in Fig. 7-10 triggers an inverter. Assuming the 
inverter has operating thresholds* of 1.2 and 1.8 V, what are the delays 
attributable to the rise and fall time of the input signal? 
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U. 
In 


(Volts) 


“Vout 


(Volts) 





(b) 
eee 
Time 


Fig. 7-9 Delay due to rise and fall times of input pulse. (a) Input pulse. (b) Output . 
pulse. 


Solution 


a. Indicate the upper and lower threshold voltages of the circuit on the 
input pulse. 

b. Determine the delays by measuring the time it takes to reach the 
threshold after the input pulse begins to switch. These delays are (1) 
11 nsec when the input switches LOW to HIGH and (2) 13 nsec when 
the input switches HIGH to LOW. 
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20 40 60 80 Time Cos) 
Fig. 7-10. 


7-4.3  Cascaded Delays 
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When inverters or other similar switching circuits operate in cascade, the 
propagation delays are additive. However, due to the inversion, the combined 
delay for any two succeeding stages is 4,4 plus t,4,. This result is demonstrated 


in Fig. 7-11. 


Example 7-5 The propagation delay of an inverter is t,,4 = 12 nsec, thy, = 8 


nsec. 


a. What is the total delay of a 0 to +5 step that goes through three 


stages? 
b. Repeat a for a +5 to O step. 


Solution 


a. The output of the first stage will be HIGH to LOW, the second LOW 


to HIGH, and the third HIGH to LOW. 


Total propagation delay = thar + tra + toa 
=8+12+8=28 nsec 


b. The outputs of the three stages will be reversed in direction. 


Total propagation delay = t,.4+ thar + bin 
=12+8+12=32 nsec 
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Fig. 7-11 Cascaded delays. 
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7-5 CHIP DESIGNATION AND NOMENCLATURE 


Unlike the diode or transistor, the type number of an integrated circuit has a 
definite meaning. The symbol indicates the following: 


manufacturer, 

logic family—TTL, CMOS, ECL, etc., 

temperature range, 

electrical specifications—speed, power, supply voltage, levels, 
function of device—inverter, two-input gate, flip-flop, etc., 


package—material and seal. 


Several examples of type number are shown in Fig. 7-12. 

It is to be pointed out that there is no industry standardization of the part 
number. There could be additional examples from other manufacturers which 
can vary appreciably. Since this text is not a handbook, only limited samples 
will be used. 

Generally, the type number is generic. This means the specifications and 
other information are equally available to all customers. This is in contrast to 
the many transistors which are designated by the part number of a particular 
customer who privately controls the specification. 


7-5.1 Manufacturer Designation 


It is unique to have the manufacturer designated in the type number of a part. 
This is helpful since it enables the user to obtain the necessary catalogs and 
specification sheets for more detailed information. 

This designation is a prefix and the following are some examples: 


SN—Texas Instruments, 
DM—National Semiconductor, 
MC—Motorola, 

CD—RCA. 


Some companies, like Signetics, do not use a manufacturer designation. 

A disadvantage of the manufacturer designation comes when ordering 
through a purchasing department which is not familiar with integrated circuit 
part numbers. Ordering by the type number can pin down the manufacturer, 
making an alternate impossible without special instructions. 


270 ~The IC Switch CHAPTER 7 


SN 74 LS 00 N 


\ Package 
Function 
Specific electrical specification 
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Manufacturer 


DM 54 04 J 


\ Package 
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Electrical specification 
Function 

CMOS 

- Manufacturer 





Mc 140 11 UBC P 


\ | ee Package 
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Electrical specification 
Function 
CMOS 


Manufacturer 


Fig. 7-12 Examples of type numbers. 


7-5.2 Logic System and Function 


This is a four- or five-digit number which indicates the type of ROMY (logic 
family) and the specific circuit within the series. 
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In TTL the first two numbers are 74 or 54 and designate the 74 or 54 


family. The 74 family has an operating temperature range from 0°C to 70°C 
while the 54 family extends this range from —55°C to 125°C. 
Other designations are 


CMOS—4000 (40,000),° 174 (374), 
ECL—1000, 1200, 1600, and 10,000. 


The last two (or three) digits indicate the circuit function. For example: 


7404—TTL inverter® 

7402—TTL two-input NOR° 
74121—TTL monostable multivibrator 
4073—-CMOS three-input AND® 
14012—-CMOS four-input NAND* 


7-5.3 Electrical Specifications 


In TTL the electrical specification usually separates the four- or five-place 
number and appears following the family designator. For example, the 74L04 
is a 74 family TTL inverter with low power requirements. 

Other electrical specifications symbolized by a letter or letters in this 
position are 


S—high speed, 
H—high power (used for speed and current output), 
LS—low power, high speed. 


The absence of a letter indicates standard electrical performance. The 
letter designators represent improvements over this standard specification to 
achieve better performance in certain areas. 

In CMOS various manufacturers express the electrical specifications 
with different combinations of letters. The differences are generally small. 
The systems employed by two major manufacturers will be discussed here. 
Hopefully, these systems will be background to interpret the others. 


> One manufacturer prefixes this number with a 1, i.e. 14,000 (140000). 

°The actual name of the circuit also includes the number per chip: hex inverter (six per 
chip), quad 2-input NOR (four per chip), triple 3-input AND (three per chip), dual 4-input 
NAND (two per chip). 
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RCA uses the series designation to express the electrical properties at 
indicated temperatures resulting in the following suffixes immediately suc- 
ceeding the four- or five-digit number: 


UB—unbuffered B-series, 
B—buffered B-series, 
A—A-Series. 


These symbols, among other ratings, designate the supply voltages, input/ 
output levels, noise margin, and propagation delay. Differences between the 
series are indicated in Tables 7-1 and 7-2 with further discussion in Chapter 9. 

Along with the series designation, Motorola uses an additional suffix to 
indicate temperature range. For example: 


UBA is an unbuffered B-series with a temperature range from —55°C to 
pigs’. 


BC is a buffered B-series with a temperature range from —40°C to 
FOO C, 


7-5.4 Package Specifications 


Most digital integrated circuits are encapsulated in the dual-inline package, 
abbreviated DIP. The chips in Fig. 7-1 are dual-inline. A number following the 
abbreviation indicates the number of pins. For example, Fig. 7-1 has one each 
DIP-14, DIP-16, and DIP-24. 

The dual-inline comes in either a plastic or ceramic package. This is 
designated by the final letter in the part number suffix. Some examples of the 
suffix and its meaning are 


J—ceramic (Texas Instruments), 
N—plastic (Texas Instruments), 
L—ceramic (Motorola), 
P—plastic (Motorola), 
E—plastic (RCA), 

D, F—ceramic (RCA). 


The ceramic package is usually sealed. Also it will stand greater temperature 
variations. In CMOS, ceramic packages are necessary for the —55°C to 
+125°C range, while the plastic package is limited between —40°C to +85°C. 

There is also the flat package exhibited in Fig. 7-13. In assembly this 
butts against the pads instead of being inserted into holes. There are varia- 
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Fig. 7-13. Flat package. Numbers, which are added, refer to pin numbers. (Courtesy of 
Texas Instruments.) 


tions, indicated by suffix, for the flat package, indicating differences in mate- 
rial, assembly, and seal. 

Although uncommon, suffixes are available for CMOS devices in a TO-5 
can and on an unmounted chip. 


7-5.5 Summary 


Section 7-5 can be summarized by listing the meaning of a few chip designa- 
tions. | 


Example 7-6 State the information revealed by the following chip designa- 
tions: 


DM74LS10N 
CD4011UBE 
MC14025BAL 
MC1204L 


ae 
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a. DM—manufactured by National Semiconductor 
74—TTL with temperature range from 0°C to 70°C 
LS—low power, high speed 
10—triple (three per chip), 3-input NAND 
N—plastic, dual-inline package. 
b. CD—manufactured by RCA 
4011—CMOS, quad (four per chip), 2-input NAND 
UB—unbuffered B-series 
E—-plastic, dual-inline package. 
ce. MC—manufactured by Motorola 
14025—CMOS, triple (three per chip), 3-input NOR 
B—buffered B-series 
A—temperature range from —55°C to 125°C 
L—ceramic, dual-inline package. 
d. MC—manufactured by Motorola 
1204—ECL, 1200 series (this includes electrical specifications and 
temperature range from —55°C to 125°C), dual (two per chip), 
4-input NOR/OR with pulldown resistors 
L—ceramic, dual-inline package. 


SUMMARY 


The terminals of an IC chip are numbered counterclockwise from the 
notch looking from the top. This is in contrast to a transistor where identifica- 
tion is from the bottom. 

The nominal supply voltage for TTL units is 5 V. The CMOS B-series can 
operate at supply voltages of 5, 10, and 15 V. These are called parametric 
ratings. The CMOS A-series has only two parametric ratings—5 and 10 V. 
These supply voltage ratings have positive and negative tolerances within 
which the chip will operate. There are also maximum ratings, which if ex- 
ceeded, can result in permanent damage. 

Switching circuits operate with two voltage levels referred to as HIGH 
and LOW. The input voltage levels are abbreviated V,, and V;,. The minimum 
Viz means that an input level must be at least that amount. The maximum V,, 
means that an input level cannot exceed this specified value. Input levels 
between Vyminy ANd Viz(max) CAUSe an unpredictable output. 

The output voltage levels are abbreviated Vo, and Vo,. Vormminy Means the 
output voltage will equal or exceed this rating. Vor(max) means that the output 
voltage will equal or be less than this value. 

The noise margin of a TTL circuit is (Vormin) — Vieminy) for the upper level 
and (Vizmax) — Vor(max)) for the lower level. A spike or other variation imposed 
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on the output level would have to exceed the noise margin to be between 
Vieminy ANd Viz(maxy. For CMOS there is a slight difference in the expression of 
noise margin. Instead of Voxminy in the upper level calculation, the output 
voltage for Virgmax) 18 used and Vyymin) Is Subtracted from that value. For the 
lower level the output voltage for Virgin) is subtracted from Vy (max). 

Noise margin is not the only factor in the noise immunity of a circuit. The 
noise is minimized if it appears on lines that have a low impedance to ground. 
Also a slow circuit is insensitive to various spikes since the noise will be gone 
before the circuit can operate. 

There are delays and storage times in the operation of the transistors 
within a chip. Also, rise and fall times cause delays in reaching the various 
thresholds. The overall effect of these times in an IC switching circuit is called 
propagation delay. It is measured between 50% points of the input and output 
waveforms. t,,4 1S the designation given to the propagation delay when the 
output goes from LOW to HIGH. ty, is the symbol when the output 
descends. 

Since every circuit has a threshold at which operation begins, input rise 
and fall times will cause a delay in addition to the propagation delay of the 
circuit. 

When switches are cascaded, their propagation delays are added. Since 
the switch inverts, the total delay for two cascaded circuits is ((14)1 + (4a)2 
where 1 and 2 identify the two circuits. 

The type number of a chip has a definite meaning. For digital chips the 
designation includes the following which are represented by letters and 
numbers: 


manufacturer 

logic family—TTL, CMOS, ECL, etc. 

electrical specifications—speed, power, supply voltage, levels 
temperature range 

function of device—inverter, gate, flip-flop 

package 


The order listed above is indicative of the order of the representative symbols. 
However, certain manufacturers have minor nuances which deviate from this 
pattern. 

There are essentially two types of packages—the dual-inline and the flat 
package. The dual-inline package has the predominant usage. For want of a 
better means of identification, it can be compared in appearance with a 
cockroach. The bent terminals allow insertion into the board beneath. It is 
abbreviated (e.g., DIP-14) with the numerical suffix indicating the number of 
terminals. The flat package terminals extend straight out from the clip and 
must be butted against solder pads for assembly. The basic package materials 
are ceramic and plastic. The ceramic package is usually sealed. 
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PROBLEMS 


1. 


ho 


10. 


11. 


a. Are the pins on an integrated circuit numbered as you look at the chip 
from the top or the bottom? 

b. What is the key and where is it located? 

c. Are the pins numbered clockwise or counterclockwise? 

d. If there are 14 terminals, where are the following in reference to the 
key? 


Pin 1 Pin 7 Pin 8 Pin 14 


. On a 14-pin chip where are the supply voltage and ground connected? 
. On a TTL chip what symbol is given to the supply voltage? 
. a. On a CMOS chip what symbols are given to the supply voltage con- 


nections? 
b. Which one is usually connected to ground? 


. a. What is the nominal supply voltage of a TTL circuit? 


b. Repeat problem 5a for a CMOS circuit. 


. What limits the number of individual circuits which can be integrated into 


a chip? 


. Why can the same circuit be called both a switch and an inverter? 
. Why is a switch or an inverter a digital circuit? 
. An inverter has the following specified voltage levels: 


Vig = 2.5 V min Voy =3 V min 
Viz, = 0.8 V max Vo, = 0.3 V max 


What is the output level when the input is 

ULV, 

~0.5 V, 

. LOY, 

2.0 V, 

. 3.0 V, 

5.0 V? 

The electrical ratings and specifications for the 7404 inverter are listed in 
Appendix 8-4. What input voltage is required to obtain the following 
outputs? 

a. 0.1 V, 

b. 0.4 V, 

c. 2.4 V, 

d.4V. 

With the 7404 specified in problem 10, which output voltage levels would 
indicate a faulty chip or faulty input? 

a. 0.2 V, 

b. 0.4 V, 

c. 0.8 V, 
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12. 
13. 


14. 


15. 


16. 


Problems 277. 

d. 2.0 V, 

e. 2.4 V, 

f. 4.5 V. 

What is the noise margin of the circuit in problem 9? 

a. What input levels would be required in problem 9 if it is desired to 
increase the noise margin to 1.0 V? 

b. Are these input levels maximum or minimum? 

Can a noise margin of 1.0 V be obtained in problem 9 by changing the 

required output voltage levels? Why or why not? 

Which circuitry has a greater noise margin, TTL or CMOS? 

To improve noise immunity should the following be high or low? 

a. Input impedance of circuit on noisy line. 

b. Output impedance of circuit on noisy line. 


3 
Vin 
(Volts) 
Z 
1 
0 
20 40 60 80 100 
6. 
Y out 
(Volts) 
z 
l 
0 
20 40 60 80 100 
— 
Time (ns) 


Fig. 7-14. 
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17. 


18. 
19. 


20. 


21. 


22. 


23. 


24. 
25. 


c. Capacitance from noisy line to ground. 

d. Capacitance between signal line and line upon which noise is gener- 
ated. 

e. Speed of operation of circuit. 

Draw an input and output pulse in proper time relationship assuming the 

following data: 


Von =9.95 Viz, =3.0 tyrH = 60 nsec 
Vin = 7.0 Vor = 0.05 - = 40 nsec 


In Fig. 7-14, what is tra? by 

If the operating threshold iis for the circuit in Fig. 7-14 are 1 V 
negative-going and 2 V positive-going, what delay is attributable to the 
rise and fall time of the input? 

The propagation times of a circuit are t,,4 = 20 nsec and t,4, = 30 nsec. 
a. What is the total delay of a pulse which goes through two stages? 

b. What is the delay of a positive-going step after three stages? 

c. What is the delay of a negative-going step after three stages? 

Name six things that are identifiable by the integrated circuit type num- 
ber. 

Identify the following: 

. SNS54L00N (Appendix 8-1 will be cs ae to identify the function). 

- MC14073UBAL. 

- CD4012BE. 

- DM7402J (refer to Appendix 8-1 again). 

. What is meant by hex Inverter? 

. What is meant by quad two-input NOR? 

What does the term DIP-14 mean? 

Name two types of dual-inline packages. Which is more expensive? 
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Gates 


We will now put together some of the features of the previous three chapters. 
Switching diodes will be put in configurations that will enable the output to be 
an AND or OR function. A transistor switch will then be connected to the 
output to give the circuit desired drive capabilities. Then the combination will 
be integrated into a chip to provide the basic digital blocks—the NAND and 
NOR gates. 

Since digital systems perform step-by-step operations, each depending 
upon AND and OR combinations of the various variables, gates are the most 
widely used circuits in digital equipment. In addition, these circuits are con- 
nected in various configurations to form flip-flops and other multivibrators. 
(See Chapters 10, 12, and 13.) Then in combination with flip-flops they are a 
vital part of the medium- and large-scale circuits. To express the function of 
these gates, some Boolean algebra will be introduced. 


8-1 THE DIODE AND GATE 


The diode configuration in Fig. 8-1 is a very simple gate. High or low voltage 
levels are applied to inputs A and B. The output will be HIGH if both inputs 
are HIGH; LOW if one input is LOW. +V is several volts higher than either 
of the input voltage levels. Note that the diode anodes are connected together. 
This circuit is the basis for understanding more sophisticated gates which will 
be explained later. | 

To analyze the operation of the circuit, let us assume the customary 
voltage levels of ground and +5, and a diode forward voltage drop of 1 V. If 
both A and B are at ground, or 0 V, the diodes will be forward biased and the 
output voltage will be V; or 1 V. If both A and B are at the high level of 5 V, 
the diodes will again be forward biased and 


Vou =5+V-=6V 


When the low level is applied to one input and the high level to the other, 
the result is not so simple. If A is at ground potential, diode D, is forward 
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(bd) 


Fig. 8-1 Diode AND gates. 


biased making the anode junction 1 V. As a result, as soon as D, goes ON, 
diode D, finds 1 V on its anode. Since input B puts 5 V on the cathode of D,, 
this diode becomes reverse biased and switches OFF. Therefore, the circuit is 
held to the lower level voltage (1 V) that is on the anode of the forward-biased 
diode. If the voltage levels to A and B were interchanged, diode D, would go 
ON causing diode D, to switch OFF making the output voltage again 1 V. 

Let us now consider a third diode D3 connected to input C, as in Fig. 
8-1(b), with inputs A and B at ground and +5 as before. If input Cis —5 V, 
diode D; will switch ON making the anode equal —5 + V; or —4 V. With their 
anodes also at —4 V both D, and D, find themselves reverse biased since their 
cathodes have a higher voltage. As a result D, and D, switch OFF leaving the 
ON diode to hold the output voltage within 1 V of the lowest input. 

The rule of the diode AND gate is the output follows the lowest input. 
This is the circuit’s mission in life. Because of this, we can make it perform an 
AND function since inputs A and B and C must be HIGH to get a HIGH 
output. If either input is LOW, the output will follow and also be LOW. The 
same logic naturally applies for two inputs. 


Example 8-1 Using Fig. 8-1(b), find the output voltage when the input volt- 
ages are as listed below. Assume V;=0.8 V and +V =12 V. 


a. V,= +6, Vg= +2, Vo= -2. 
b. Vs= +8, Vg= +8, Vo= +2. 

c. V4 is a +5-V pulse with space at ground, Vz; = +5, V-=0. 
d. Vs is a +5-V pulse with space at ground, V;= +5, Vo=+5. 
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Solution Since the output follows the lowest input: 


» Vor = —2+0.8= -1.2 V. 

~ Vor = 2+ 0.8 = 2.8 V. 

. Vor =0+0.8=0.8 V. The pulse is wiped out. 

. Vout is a pulse from 5.8 to 0.8 V. High levels at both B and C open or 
enable the gate for the pulse. 
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When a gate is OPEN the signal passes through—just like passing 
through an open gate in a fence. This is in contrast to an open switch which 
prevents passage of the current when the contacts are open. lo avoid the 
ambiguity of the words open and closed it is better to refer to a gate as 
ENABLED or DISABLED. 


8-2 THE DIODE OR GATE 


The diode OR gate is similar to the AND gate except that the diodes are 
turned around and the resistor goes to a negative voltage or ground. [See Fig. 
8-2(a).] In this case the output will be a high voltage level if one of the inputs 
is HIGH; a low level if both inputs are LOW. This configuration can also lend 
understanding to a more complex gate. 

Again, let us assume input levels of +5 and ground with a diode forward 
voltage drop of 1 V. As can be expected, the output voltage with A and B both 
at 5 V will equal 5 — V; or 4 V. Similarly, with A and B at ground the output 
is —1 V. 


B Out Out 





(a) | (b) 
Fig. 8-2 Diode OR gates. 


282 Gates CHAPTER 8 


If the inputs are at different levels, V, at 5 and Vj at ground, diode D, 
forward biases and puts 4 V on the cathode junction. Since diode D, has 
ground on its anode, it becomes reverse biased and switches OFF. This makes 
the output voltage equal the highest level minus the diode forward drop of D, . 
Af the voltage levels to A and B were reversed, diode D, would switch ON, 
causing D, to reverse bias and switch OFF. Once again the output voltage 
would be the highest level minus the diode forward drop. 

Connecting a third diode to input C would give the configuration in Fig. 
8-2(b). Applying a higher level to C, like +10 V, would reverse bias both D, 
and D, when diode D; switches ON. This is because the cathodes would 
assume a voltage of +9, exceeding the +5 and ground input levels applied to 
the anodes of D, and D, which would then switch OFF leaving the output 
voltage again within V; of the highest input. 

In contrast to its AND counterpart, the diode OR gate follows the highest 
input. ‘This is what the circuit does. We can interpret this response as an OR 
since a high level at A or B or C will yield a HIGH out. The output is only 
LOW when all inputs are LOW. 


Example 8-2 Using Fig. 8-2(b), find the output voltage when the input volt- 
ages are as listed below. Assume V;= 0.8 V and —V=-—12 V. 


a. V4 aed +6, V3 = +2 Vo= =i, 

b. Vi = +8, Vz = +8, Vo= +2. 

c. V4 1s a +5-V pulse with space at ground, Vg= +5, V.=0. 
d. V, is a +5-V pulse with space at ground, V;=0, V.=0. 


Solution Since the output follows the highest input: 


» Vou = +6—-0.8 = 5.2 

» Vou = +8 — 0.8 = 7.2. 

» Vou = +5 — 0.8 =4.2. The pulse is wiped out. 

- Vout 1S a pulse from +4.2 to —0.8. Low levels at both B and C enable 
the gate for the pulse. 
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8-3 SYMBOLS AND LOGIC EQUATIONS 
8-3.1 Logic Block Diagram 


Since many gates are used in a digital machine, it would be almost chaotic to 
use the circuit schematic in a system drawing. As a result, the logic block 
diagram is used to express a gate and is shown in Fig. 8-3. If a circuit is 
designed to perform an AND or OR operation, regardless of its electrical 
components, it is shown in this manner. In an integrated circuit where the 
interior is relatively unknown, use of the logic symbol is even more important. 
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A A 
Out Out 
B B . 


AND OR 


(a) (b) 
Fig. 8-3 Logic block diagram. (a) AND. (b) OR. 


8-3.2 Boolean Algebra 


As inferred above, a system drawing is made up of logic blocks. These blocks 
can be part of a medium- or large-scale functional block diagram. The combi- 
nation of these gates in block form is the graphical representation of logic 
equations, each of which expresses a machine function. Each equation is 
represented in a form of mathematics known as Boolean algebra. : 

Boolean algebra is unique in that there are only two values of a variable 
as compared to an infinite number in regular algebra. These values were 
referred to originally as TRUE and FALSE since the deviser, George Boole, 
used this analysis to draw conclusions from combinations of true or false 
statements. However, a variable can be represented by any mutually con- 
tradicting set of two such as 


1 or O (binary bit), 
PLUS or MINUS, 
HIGH or LOW (voltage levels). 


The utility of Boolean algebra can readily be appreciated when you 
realize from the above list that it can be related to both the binary bit and 
switching voltage levels. 

The three Boolean operations are show below with proper notation: 


X=A-B or X=AB AND (8-1) 
X=A+B OR (8-2) 
X=A or X=A' NEGATE (8-3) 


The : and + are called connectives. Note that, as in multiplication, the - can 
be left out. 

The negation switches the input level and is performed by the inverter 
discussed in Chapter 7. The primed format A’ has advantages in typing and 
when “inputting”? Boolean functions to a computer. However, the overbar is 
overwhelmingly used in literature and drawings today, so the author feels 
compelled to follow suit. Two successive negations bring the expression back 
to its original form. 
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A=A or A"=A (8-4) 


The combination of these operations to form a function would look like the 
following: 


X =ABC + ABC + ABC + ABC 
which is the sum section of a full adder. The logic block diagram is in Fig. 8-4. 


Example 8-3 Obtain the logic block diagram for the function 
X =(AB+CD)-E 


Solution The parentheses hold CD as part of the OR. Without the parenthe- 
ses, CD would have both an AND and OR connective and the AND would | 
take priority. AB is an AND followed by an inverter. The block diagram is in 
Fig. 8-5. | 


8-4 THE TRUTH TABLE 


Figure 8-6(a) shows a 2-input AND gate with all combinations of input. Figure 
8-6(b) repeats this with an OR. This can be shown in more compact form in 
what is known as a truth table. The columns of a truth table name the input 
and output variables plus intermediate steps, if any. Each row is a different 
combination of the input variables. Tables 8-1 and 8-2 are truth tables from the 
2-input AND and 2-input OR. These tables are shown with the variables 
represented as both binary bits and switching voltage levels. 

To obtain the truth table for a function with more than two variables, the 
total number of combinations can readily be obtained by starting the first row 
with each variable equal to 0 and counting the binary number for each suc- 
ceeding row. 
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Fig. 8-4 X =ABC+ABC+ ABC +ABC. Logic block diagram. 
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Fig. 8-5 X= (AB + CD)-E. Logic block diagram. 


hr mM eR hw BH eH WS 


> 
Z, 
o 


(a) 


Fig. 8-6 Two-input gates. All input combinations. (a) AND. (b) OR. 
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8-4 The Truth Table 


TABLE 8-1 ‘Truth Tables. X =A :B. 
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TABLE 8-2 Truth Tables. X =A +B. 
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Example 8-4 Derive the truth table for X =A-B-C. 


Solution 


a. Identify the columns for the three-input variables. 
b. Starting with 0 0 0 in each column, add 1 to each row until all numbers 
containing three binary bits are exhausted, that is, count in binary. 


eee SS oe oS: 
PrReRoaorrdcsc§coal!|bs 
PoOorOoOrcorROTYN 


c. Perform the function X = A:B:-C for all rows in b. This is the truth 
table. 





a ae ee SoS So oS | js 
PrPROdoOrrRaoOOol!|Lh 
rPOoOrcGroOoOrOoO IY 
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d. The truth table can be made with voltage levels instead of binary bits 
by substituting L for 0 and H for 1. 


Example 8-5 How many rows are in a truth table with four variables? 


Solution Count the four-bit binary number from 0000 to 1111. There are 16 
binary numbers; therefore, 16 rows in the truth table. 


8-5 POSITIVE VERSUS NEGATIVE LOGIC 


In all the examples of Boolean algebra used so far, the inputs and outputs have 
been active HIGH. In the case of the AND gate it takes high input levels to 
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make the gate perform its intended purpose, which is indicated by a high-level 
output. When the output is HIGH, the gate is active. Now, if either input is 
LOW, or inactive, the output is LOW indicating the gate has not performed 
the AND function. By not performing the AND function, the gate is inactive. 
The same reasoning can be applied to the OR. This is positive logic with the 
gates often referred to as +AND and +OR. 

Now suppose the active levels are LOW. The truth table of an active low 
AND gate is shown in Table 8-3. The first line of the table indicates the active 
condition when the AND is performed—this time with low levels. When either 
input is HIGH, the gate is inactive and the AND is not performed. This is 
negative logic and the gate is called a negative AND gate. 


TABLE 8-3 Negative AND (Active Low Levels). 


A B Out 
‘e L L 
L H H 
H i H 
H H H 


Table 8-4 shows an OR function with active low levels. If either input is 
LOW, the gate performs the OR function as indicated by the active LOW 
output. If both inputs are HIGH, the gate is inactive and the OR is not 
produced. This again is negative logic resulting in a negative OR gate. 


TABLE 8-4 Negative OR (Active Low Levels). 
A B xX 


“ions 
Temp 
THR 


If you have noticed that Table 8-4 is the same as Table 8-1, and Table 8-3 
is the same as Table 8-2, you are not witnessing an error. A positive AND gate 
is a negative OR gate. The interior construction of the two is exactly the same. 
Similarly, the positive OR gate is the same as a negative AND gate. All gates 
have duality. They will perform both AND and OR functions, one with active 
HIGH levels and the other with active LOW. 

A low active level is represented in the block schematic by a bubble 
where the input or output joins the gate. The bubble inverts the logic, that is 
it changes a low level to high level and vice versa. Figure 8-7 shows the 2-input 
negative AND gate with the four combinations of input. Each level is inverted 
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Fig. 8-7 —AND gate. Inputs and outputs. 


coming into the gate. Then the function of the gate is performed and the 
output inverted. Compare the results with those of Fig. 8-6(b). It is again 
emphasized that these two gates are physically the same. There are no in- 
verters in the input or output. The circuit with active low levels just acts as if 
there are. 

Figure 8-8 shows the block diagram of the 2-input negative OR gate with 
the four combinations of input. In this case compare the results with Fig. 
8-6(a). 

Negative logic is secondary in importance to positive logic. However, it 
isto be pointed out that a logic designer is not compelled to stay with all active 
HIGH or all active LOW levels. He/she will activate whatever level is most 
convenient. When low levels are most available, they will be used instead of 
adding inverters. 

In equation form the negative logic expressions are as follows: 


A-B=X Negative AND (8-5a) 
A+B=X Negative OR (8-5b) 
8-6 DIODE GATE CHAINS 

In a logic system gates are employed in networks. The network primarily 


consists of gates in sequence usually alternating AND and OR. In addition, 
each gate output may connect to more than one input. 
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Fig. 8-8 —OR gate. Inputs and outputs. 


The purpose of this section is not to teach the reader how to compute 
resistances in a diode gate network. The purpose is to run through a few 
calculations to show the difficulties incurred in such a system. 

It may seem strange to devote space to something that is beset with 
difficulties, but it is these difficulties which lead to the addition of a transistor 
to the gate and the inverted output. The inverted output necessitates NAND 
and NOR logic, which is not readily accepted by learners without good reason. 


8-6.1 Lack of Standardization 


Figure 8-9 will be used to show how each resistor is distinct making modulari- 
zation impossible. In Fig. 8-9(a) we have the logic block diagram of a diode 
gate chain and in (b), the schematic. This is a very short and simple chain but 
should be sufficient to demonstrate the point. 

Let us assume the customary voltage levels of +5 and ground, and make 
R,; equal 6.8K. Why this value was chosen is not important. What is important 
is to compare R; to R3 after the latter resistor is determined. Figure 8-9(c) 
shows the schematic with the high-level input applied to A and C with B and 
D at ground level. Assuming a diode forward drop of 1 V, the intermediate 
and output voltage levels are also indicated. For an output voltage of 4 V, 
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Fig. 8-9 A diode gate chain. 
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Thus, 2.35 mA must come from the +12 source and flow through Rp. Jp. then 
must equal Ip; plus the leakage current of the reverse biased diode going to 
input D. Since the leakage is small, 


Tro = Tr =2.35 mA _ and R, = (12 ae 5)/2.35 = 3K. 


R, cannot be >3K if the output voltage is to be kept at 4 V or above. It is 
designed for this purpose. None of the Jz. current goes through R; since the 
+5 V input has sufficient drive to furnish Jp. 

To determine R; it is necessary to consider the low-level condition since 
R, must have low enough resistance to bring the AND gate input LOW. Figure 
8-9(d) is the schematic for these circumstances. To obtain the low-level condi- 
tion, all the inputs to the OR gates must be at ground. Input C can be at high 
level, reverse biasing the input diode. The voltages at various junctions are 
shown in Fig. 8-9(d). Now 


Since the leakage of the input C diode is small, 
Ip, = Irn = 4 mA and R; = (12 — 1)/4 ~2.7K. 


From this brief analysis note that the OR gate resistor in the third level 
of the chain, calculated to be 2.7K, is considerably <6.8K which was assumed 
for the first level. If the chain had four gates, the AND gate resistor of the 
fourth level would be much less than the 3K determined in the example. This 
means that each level of logic requires a different gate resistor. Further prolif- 
eration is demanded if the output of a gate is connected to multiple inputs as 
alluded to in the next section. 

Since each gate necessitates a separate resistor, it is impossible to stand- 
ardize. This prevents modularization, eliminating the diode gate from small- 
scale integration. 


8-6.2 Difficulty of Changes 


In addition to the above detriment, another disadvantage is evident. When a 
modification of the machine logic is made, it is necessary to change resistor 
values. Assume another OR gate is added to the output of the AND gate. This 
addition is shown in Fig. 8-10. Since Zz. must now furnish current for two- 
resistor paths to bring the output up to +5 V, 


12+ 4 
Ip = 2 (Es*) =4.7mA 
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Fig. 8-10 Modification of the diode gate chain. 


and 
R, = (12 —5)/4.7 mA ~ 1.5K 


Notice how this simple modification requires a 50% variation in R. This 
variation will require R3 to be considerably less and so on down the line if more 
logic levels are employed. 


8-7 THE DIODE TRANSISTOR GATE 


The problem of the diode gate can be overcome by adding a switching transis- 
tor to the output. This is because the transistor has current gain which enables 
the gate to provide considerably more output current than the input demands. 
As a result, each unit can drive a variable number of inputs without changing 
the load it imposes on the previous stage. 


CHAPTER 8 8-7 The Diode Transistor Gate 293 


Aino 


Bin © 





Fig. 8-11 A DIL gate. 


8-7.1 DTL Gate' 


The simplest logic system to understand is the DTL gate which will be used as 
a stepping stone in the learning process. This circuit is shown in Fig. 8-11 and 
is divided into three sections. 


1. The input is a diode AND gate made up of Di, Do, Ri, and Ro. 

2. The output is a transistor switch, or inverter, containing Q) and Ry. 

3. The other components (Q,, D3, and R;) form an emitter follower 
which provides an internal current gain enabling the switch to be 
driven harder and furnish more output current. Diode D; is always 
forward biased and is used to provide a voltage drop which facilitates 
the turning off of Q). 


Vecis +5 V while the nominal input and output voltage levels are +5 and 
ground. As in the case of the inverter (Sec. 7-2), there is a margin between the 
allowable levels and the nominal. This is reviewed in Fig. 8-12. 

Returning to Fig. 8-11, when either input goes LOW, the AND gate 
output goes LOW. Due to the voltage drops across the base-emitter junction 


‘DTL means diode-transistor logic. 
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(a) (b) (c) 


Fig. 8-12 DTL voltage levels. (a) Nominal. (b) Input. (c) Output. 


of Q, and forward-biased diode D;, the base of Q, is brought low enough to 
shut Q, off: 


(Vero, = Vi + (Vr), — (Vez)o, — (Ve), < 9.5 V 


where 0.5 is the base-emitter voltage which generally must be exceeded if the 
transistor is to draw any appreciable current. With Q, OFF, the output of the 
DTL gate goes to a high-level Vox which approaches Vcc. 

When both inputs are HIGH, the base of Q, heads toward a high level. 
However, when (Vg)o, reaches the sum of 


(Vaz)o, + (Vr)p, + (Vaz)o, 


diodes D, and D, switch OFF, and the current caused by the difference in 
potential across R, + R, drives Q, into saturation. The output then drops to a 
low-level Vo, which is equal to Veg(saty Of Qo. 


8-7.2 Inverted Output 


The output transistor inverts the output of the AND gate. Because of this 
inversion, it is natural to want to follow every gate with an inverter. However, 
this is expensive and also adds delay. 

Another suggestion often given is to use an emitter follower for the 
output stage of the gate. This will certainly give current drive and will not 
invert. However, the emitter follower introduces several disadvantages. 


1. The emitter follower merely adds Vp; to the diode gate output without 
reestablishing a voltage level. Under an unfavorable alignment of V; 
and Vz- drops, this could cause the voltage levels to exceed the allow- 
able margin after a few stages. 

2. Since the emitter follower does not offer a low impedance to ground, 
any oscillations triggered by a fast step will take appreciable time for 
damping. Such oscillations are possible due to the distributed capac- 
itance and inductance of any wiring. 
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The best thing to do with inverted signals is to live with them. After a 
little experience with NAND and NOR logic, introduced in the next section, 
it will be as easy to work with inverting logic as with straightforward AND- 
OR. Because of this, nearly all systems are inverting in order to take advan- 
tage of the current driver. 


8-8 THE NAND GATE 


AND and OR gates with attached inverters are appropriately referred to as 
NAND and NOR circuits. The DTL circuit described in the previous section 
is a NAND gate. The symbol and Boolean expression for a NAND are shown 
in Fig. 8-13. The circuit follows the lowest output and then inverts. 

To obtain A- B with a NAND gate it is necessary to add an inverter. 
However, as will be shown later, it is frequently possible to use the negative 
output direct from the NAND. 


X=A°B 
Fig. 8-13 NAND gate—symbol and expression. 


Example 8-6 


a. If a pulse is applied to input A of Fig. 8-13 and a low level to input 
B, what is the output? 
b. Repeat a with input B equal to a high level. 


Solution (See Fig. 8-14.) 
a. The gate responds to the lowest level input and the bubble indicates 


an inversion. As a result, the pulse is wiped out by the low level which 
is inverted to give a HIGH output. 





Fig. 8-14 Solution of Example 8-6. 


296 


Gates CHAPTER 8 





TABLE 8-5 Truth Tables—NAND Gate. 





(a) Active HIGH Input A-B (b) Active LOW Input A+B 
A B A:B A-B A B A B A+B 
iE i L H L L H H H 
L H L H L H H L H 
H 7, L H H L is H H 
H H H L H 4H L L L 





b. The high level on B enables the gate and lets it respond to the input 
on A. This passes the pulse which is then inverted. The output is, 
therefore, an inverted pulse. 


8-8.1 Dual Function 


The NAND gate is generally thought of with active HIGH inputs and, due to 
the inversion, active LOW output. The truth table is shown in Table 8-5(a). 
Notice in the truth table that only the bottom line is active. 

Using the same truth table, it can be observed that if either A or B is 
active LOW, the output will be active HIGH. The complete truth table for the 
active LOW condition is shown in Table 8-5(b). 

Note the inputs and outputs are the same in both truth tables. This 
means both represent a NAND gate which has a dual function. 


If inputs are active HIGH, the gate performs an AND and then inverts— 
the way it is constructed. 


If inputs are active LOW, the gate effectively inverts each input and then 
performs an OR. 


. As a result of the dual function, the NAND gate has two symbols which 
are shown with their respective Boolean expressions in Fig. 8-15. Let it be 
emphasized that both of these symbols represent the same circuit and both are 
NANDs. Each is built with an inverter following the AND gate. Figure 
8-15(b) is sometimes called the alternate symbol which, when referencing, 
helps in distinguishing between the two. 

Since Boolean expressions are made up of ANDs and ORs, both sym- 
bols lend themselves to application. Some prefer to use the basic symbol 


& 
& 


Fig. 8-15 Dual symbols and expressions for a NAND gate. 
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throughout while others prefer the ALTERNATE to represent an OR oper- 
ation. Figure 12-6 shows an application of the dual symbol. In the examples 


following, there will be more attention to the alternate symbol, not because 
it is more important, but because it is more difficult to understand. 


Example 8-7 Do the following NAND function using the alternate symbol, 
Fig. 8-15(b). 


a. Input A is HIGH; input B is LOW. 
b. Both inputs are HIGH. 


Solution (See Fig. 8-16.) 


el 

; HT 
B 
A . L 
B fol 


Fig. 8-16 Solution of Example 8-7. 


a. The bubbles invert both signals coming into the gate, which responds 
to the highest level, giving a HIGH out. 

b. The bubbles invert the high inputs. With both levels LOW the gate 
gives a LOW output. 


These results check with Table 8-5. 
Example 8-8 Repeat Example 8-6 using the alternate symbol. 


Solution (See Fig. 8-17.) 





Fig. 8-17 Solution of Example 8-8. 
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a. The low level on input B is inverted coming into the gate. With this 
level now HIGH, the gate provides a HIGH output and the pulse 
does not go through. 

b. The high level on input B is inverted, appearing as a LOW. Since this 
gate responds to the highest input level, the inverted input pulse 
appears at the output. 


These results check with Fig. 8-14. 
Example 8-9 How may a NAND gate be used to obtain A + B? 


Solution Negate inputs A and B. (See Fig. 8-18.) 


ps | 





by| 


Fig. 8-18 X= A+B=A+B. Use of NAND gate to OR variables. 


When using the dual symbol, understand that this is only a functional 
representation. The construction still has the inverter on the output as in Fig. 
8-15(a); the circuit just acts like Fig. 8-15(b). 


8-8.2 DeMorgan’s Theorem 
DeMorgan’s theorem puts negated expressions in another form and is very 
useful in checking and interpreting NAND functions. The theorem effectively 


says the following: 


The negation is removed from an expression when the AND and OR 
connectives are interchanged and the connected variables negated. 


This can best be demonstrated by going from the basic NAND expres- 
sion to the alternate. Start with A- B and perform the following: 





1. Drop the bar over the expression. 
2. Change AND to OR. 
3. Negate the variables A and B. 


We obtain A + B. 

DeMorgan’s theorem therefore confirms the application of the dual 
symbol in Fig. 8-15. The following example should give we reader more 
confidence in the use of this theorem. 


CHAPTER 8 8-8 The NAND Gate 299 


Example 8-10 Apply DeMorgan’s theorem to the following expressions. 





Solution 





a. A+B=A-B=A:-B. 


b. (A-B)+C=(A-B)-C. Note the expression (A-B) was con- 
nected to C by the OR, and this expression was negated in the first 
step. Now it is necessary to apply the theorem again. So, 


8-8.3 Cascading NAND Gates 


When a NAND gate performs an AND function, the inputs are HIGH and the 
output LOW. When performing an OR, either or both inputs are LOW and 
the output HIGH. This is demonstrated in Fig. 8-15 and in Fig. 8-18. As a 
result, alternating AND and OR does not require intermediate inverters. 
Take a Boolean algebra expression X = AB + CD. The block diagram is 
shown in Fig. 8-19(a). A direct replacement with NAND gates is made in Fig. 
8-19(b) with the Boolean expression indicated at key points. The outputs of 
Figs. 8-19(a) and (b) are equal because the low outputs of NAND gates 1 and 





(a) -(b) 


Fig. 8-19 Direct replacement with NAND gates. (a) Non-inverting logic. (b) NAND 
logic. | 
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2 are compatible with the low inputs of the alternate NAND symbol of gate 
3. The same can be proven by DeMorgan’s theorem: 


AB-CD =AB + CD =AB+CD 


where AB is NAND gate 1, CD is NAND gate 2, and (AB) - (CD) is NAND 
gate 3. 

When the mechanization of a Boolean expression finds an AND gate 
feeding into another AND, this direct replacement by NAND gates is compli- 
cated by the fact that an active LOW output is connected to an active HIGH 
input. This condition necessitates an intermediate inverter. The same mis- 
match occurs when NAND gates replace two OR gates in succession, and the 
same solution is required. | 

If the reader is interested in converting complex AND-OR networks to 
NAND gates, the steps listed in Appendix D will facilitate this conversion. 


Example 8-11 Show the following expression in NAND gates and prove that 
it is the correct function. 


X=(A+B)-C-D 
Solution (Using Appendix D.) 


a. Although a NAND form can be obtained directly from the equation, 
the AND-OR block diagram is very helpful in the process. This is 
drawn in Fig. 8-20(a). Once again note that the parentheses hold B 
with A. 

b. From Fig. 8-20(a) the NAND diagram is obtained in Fig. 8-20(b). 
Notice that when the NAND is replacing an OR, the inputs from the 
outside world are inverted. Also note that when the last gate is an 
AND, the NAND replacement must be followed by an inverter. 

c. Proof: 


The output of NAND gate 1 is A + B. 
The output of NAND gate 2 is (A + B)-C-D. 
The output of the inverter removes the overbar leaving 


X=(A+B)-C-D. 


Since many signals come from flip-flops which have complementary 
outputs (Q and Q), a negated input seldom requires an inverter. It is hoped 
that these few examples will make the reader more comfortable with inverting 
logic and convince him/her that inverters do not have to be employed with 
every gate. 


CHAPTER 8 8-9 The NOR Gate 301 





(a) (b) 


Fig. 8-20 X =(A + B)-C-D, solution of Example 8-11. 


8-9 THE NOR GATE 


Many of the principles and explanations used in the NAND description apply 
to the NOR gate as well. To avoid duplication, this section will be shorter. 
However, this is not to be taken as a relative measure of importance. 

The NOR gate is obviously an OR gate with an attached inverter. The 
logic block diagram and Boolean expression are shown in Fig. 8-21 and the 
truth tables in Table 8-6. The circuit follows the highest input and then inverts. 
It is necessary to add an inverter to the output to perform A + B witha NOR 
gate. 





X=A+B 


Fig. 8-21 NOR gate—symbol and expression. 


TABLE 8-6 Truth Tables— NOR Gate. 


(a) Active HIGH Input A+B (b) Active LOW Input A-B 
A B A+B A+B A B A B A:B 
L L iG H L L H H H 
L H H i L H H E, L 
H L H L H i L H iE 
H H H L H 4H L L L 


Example 8-12 


a. If a pulse is applied to input A of Fig. 8-22 and a high level to input 
B, what is the output? 
b. Repeat a with input B at a low level. 


302 


Gates 


CHAPTER 8 
JLIL 
L 
H 
af 
“es 
i 


B 


Fig. 8-22 Solution of Example 8-12. 


Solution 


a. The gate responds to the highest input level and inverts. The high 
level eliminates the pulse and then inverts, giving a low output. 

b. The low level on B enables the gate and lets the pulse through. As 
indicated by the bubble, the pulse is inverted at the output. 


8-9.1 Dual Function 


The NOR gate also has a dual function. Table 8-6(a) shows the truth table 
when the inputs are active HIGH. The gate is active with a LOW output in all 
combinations except when both inputs are LOW. The latter combination 
satisfies the active LOW input condition. If both inputs are active LOW, the 
output is HIGH. The complete truth table for the active LOW case is shown: 
in Table 8-6(b). 

Both truth tables have the same inputs and outputs proving their equality 
and the duality of the gate. Figure 8-23 shows the dual symbol for the NOR 
gate with associated Boolean expressions. Figure 8-23(b) is often referred to 
as the alternate NOR symbol. 

Similar to NAND logic, both NOR symbols can be used to express the 
ANDs and ORs of the original Boolean expression. Some prefer the con- 
ventional symbol entirely; others use both. The alternate symbol is a minority 
but not uncommon. It is frequently used for active low strobe and enable 
inputs in medium-scale circuits. Examples are as follows: 74154 Decoder / 
Demultiplier, 74144 4-bit Counter/Latch, 7447 Seven-Segment LED/LAMP 
Driver, 74173 4-bit D-Type Register with 3-State Outputs. 





Fig. 8-23 Dual symbols and expressions for a NOR gate. 
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As in the case of the NAND gate, both symbols represent the same 
circuit. Actual construction has the inversion following the NOR operation. 


Example 8-13 Do the following with the alternate symbol. 


a. Input A is HIGH; input B is LOW. 
b. Input A is LOW; input B is LOW. 


Solution (See Fig. 8-24.) 





Fig. 8-24 Solution of Example 8-13. 
a. The inverted inputs leave one level LOW coming into the gate. The 
output is therefore LOW. 


b. The inverted inputs make both levels to the gate HIGH. The output 
is therefore HIGH. 


Example 8-14 Repeat Example 8-13 with a pulse on input B. 


Solution (See Fig. 8-25.) 








Fig. 8-25 Solution of Example 8-14. 


a. The high input on A coming into the gate inverts. The gate respond- 
ing to this low level then wipes out the pulse. 

b. The low input on A, becoming HIGH upon inversion, enables the 
gate. This lets the inverted pulse through. 
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Fig. 8-26 X=A-B=A-B. Use of NOR gate to AND variables. 


Example 8-15 Employ a NOR gate to obtain A- B. 
Solution Negate both inputs. (See Fig. 8-26.) 


As mentioned at the end of Sec. 8-8.1, the dual symbol is just represen- 
tative. Physically, there are no inverters on the input. 


8-9.2 Cascading NOR Gates 


Similar to the NAND gate, the NOR can be cascaded OR-AND without 
intermediate inverters. A direct replacement for noninverting logic is demon- 
strated in Fig. 8-27 for the expression X =(A + B)-(C +D). Again the 
networks are equal because the low outputs of the basic NOR gates are 
compatible with the low inputs represented by the alternate NOR symbol. 
Using DeMorgan’s theorem 





(A +B) +(C+D)=(A+B)-(C+D) 
=(A +B)-(C+D) 


where (A + B) is NOR gate 1, (C + D) is NOR gate 2, and (A + B)+ (C+D) 
is NOR gate 3. 


The steps for converting networks in noninverting logic to NOR ele- 
ments are listed in Appendix D. Notice the similarity to the steps for NAND. 


(A + B) 





(A + B)(C+D) 





(a) (b) 
Fig. 8-27 Direct replacement with NOR gates. (a) Non-inverting logic. (b) NOR logic. 
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A‘B+C+D 
(a) (b) 
Fig. 8-28 Solution of Example 8-16. 


A-B+C+D 


Example 8-16 Express the following function in NOR gates: X =A: Bt 
C+D. 


Solution (Using Appendix D.) 


a. Draw the AND-OR network. [See Fig. 8-28(a).] 

b. Applying the steps in the appendix, redraw with NOR gates. The 
results are in Fig. 8-28(b). Notice that when the input gates of the 
NOR network replace an AND, the input levels are inverted. Also 
observe an inverter on the output since the output gate is replacing an 
OR. No intermediate inverters are needed since the noninverting 
logic gives AND-OR. 

c. Proof: 

The output of gate 1 is A- B. 


The output of gate 2is A-B+C+D. 
The inverter removes the overbar giving A-B+C+D. 


8-10 THE TTL NAND? 


Now that we are acquainted with the logic gate, know the purpose of the 
output driver, and can appreciate NAND and NOR logic, let us turn our 
attention to one of the most widely used digital circuits on the market today— 
the TTL NAND gate. The logic and pin assignments of a few of these circuits 
are exhibited in Appendixes 8-1, 8-2, and 8-3. Notice that there are several 
gates on a chip, the limitation being the number of leads. The name of each 
circuit specifies the number of gates per chip, the number of inputs per gate, 
and the active input level. The names of the following gate types bring this out 
very Clearly. 


7400 quadruple 2-input positive NAND. 
7410 triple 3-input positive NAND. 
7420 dual 4-input positive NAND. 


*TTL means transistor-transistor logic. 
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Fig. 8-29 TTL two-input positive NAND gate. 


Also on these chips, note that the sum of all the inputs and outputs plus 
Vcc and ground will either equal or come close to the 14 pins allowed on the 
DIP-14 package. | 

Appendixes 8-4 and 8-5 list the electrical specifications of these NAND 
gates. The basic circuit of the gate is shown in the lower left-hand corner of 
Appendix 8-5. This circuit is expanded in Fig. 8-29 for the quad 2-input. 

The IC inverter used as an example in the previous chapter is actually a 
TTL NAND gate with one input. In Appendix 8-4 the 7404 inverter is listed in 
the same column as the three gates mentioned above. As a result, the elec- 
trical characteristics of the TTL inverter and many of the gates are identical. 


8-10.1 The Input Circuit 


The most unique feature of the TTL gate is the input transistor Q,. The base 
has multiemitters diffused into it. Since the emitters are connected to the input 
terminals a four-input gate has four emitters, and so forth. 

Since the transistor is made up of p-n junctions, each junction has the 
characteristics of a diode. Looking at the base-emitter junctions as diodes, it 
is easy to visualize a diode AND gate with the base serving as the anodes for 
each diode and R, the pull-up resistor. The diode equivalent circuit is drawn 
in Fig. 8-30 with the base-collector diode also shown. This equivalent circuit 
falls short of explaining current gain but does demonstrate the logic function 
of the input stage. 
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Fig. 8-30 Equivalent circuit of the TTL input transistor. 


Section 6-5 discusses the effect of storage time when the transistor is 
switched out of saturation into cutoff. With the base always the highest poten- 
tial in the transistor, Q, is always in saturation because the base-collector 
junction is continually forward biased. Since it is not necessary to switch out 
of saturation, the storage time is minimized, improving the speed. 

Diodes D, and D, have nothing to do with the logic function. They are 
there to suppress high-frequency oscillations which can occur, due to distrib- 
uted capacitance and inductance on the input lines, when a pulse with a very 
fast rise or fall time occurs. The speed of operation of TTL will cause these 
pulses. If the oscillation drives the input line negative, the diode will turn on 
and damp the energy being transferred between the distributed parameters. 
There is discussion about oscillations and distributed parameters in Chapter 
4, Secs. 4-2, 4-4, and 4-5. | : 


8-10.2 The Output Circuit 


The output circuit of the TTL gate is also unusual. It consists of two transistors 
in tandem and is called the totem pole because of the appearance of these 
transistors on the schematic. To understand the operation of the circuit, it is 
necessary to consider the loading. This is done in Fig. 8-31 where R,; and R;2 

are simulated loads; one from the output to Vcc , the other from the output to 
ground. ae , 

When Q; is turned ON (Q, being held OFF at this time), the transistor 
forms an emitter follower with the load resistor R;». Current therefore flows 
in the direction indicated in Fig. 8-31(a). This brings the output to the high- 
level Vox. 

When Q, is turned on (with Q; OFF), it is driven into saturation and 
draws current through R;, along the path marked in Fig. 8-31(b). This lowers 
the output voltage to Vo, which is equal to Vox(sat) Of Q4. 

With the totem pole output there is always danger of turning one transis- 
tor ON before the other is fully OFF. Although this time is very short, it can 
allow a relatively high current to flow for that interval. This puts a short spike 
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Fig. 8-31 Totem pole outputs with simulated loads. (a) Q; ON, Q,z OFF. (b) Q3 OFF, 
Q, ON. 


on the Vcc line due to the drop across any series resistance through which the 
current flows. This spike will appear on the voltage source of other com- 
ponents connected to this line and cause potential malfunction. The spike can 
also be coupled over to other lines (see Sec. 4-4.2) where it can be troublesome 
if any noise margins are exceeded. 

Externally, the spike can be made harmless by shunting the Vcc line to 
ground with a capacitance on the order of 0.001 pF. Internally, the possibility 
of having both Q; and Q, ON at once can be virtually eliminated with the 
diode D; in series with the two transistors. 

Diode D3 is always forward biased and raises the emitter voltage of Q3. 
This makes it easier to turn Q3; OFF before Q, comes ON since the base 
voltage of Q; does not have to be brought as low to approach the emitter 
potential. Also, the base voltage has to be raised higher to turn Q3; ON, which 
gives Q, a better opportunity to switch OFF first. 


8-10.3 Operation 


As was stated in Sec. 8-10.1, the input circuit of the TTL NAND can be 
represented by an equivalent circuit which is a diode AND gate (see Fig. 
8-30). Therefore, if either input A or input B goes low, the base goes low. 
When the base goes low, it assumes a voltage of 


Vii t+ Ve =0.84+0.7=1.5 V 
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where V; represents Vs, of the multiemitter transistor. This voltage then 
appears across the following three junctions in series: base collector of Qi, 
base emitter of Q,, and base emitter of Q, (refer to Fig. 8-29). Since a 
forward-biased junction requires a drop greater than 0.5 V to pass appreciable 
current, neither Q, nor Q, draw sufficient current to turn ON. With Q, 
effectively OFF, its collector heads toward Vcc. This forward biases the base- 
emitter junction of Q3; turning Q; ON. Since Q; is ON and Q, is OFF, the 
output is driven HIGH. 
When both inputs are HIGH, the base of Q, heads toward 


Vin + Vp=24+0.7=2.7 V 


Before the base reaches this voltage, Q, and Q, are turned fully ON and driven 
into saturation. This clamps the base to a voltage determined by the sum of 
the forward drops across the three series junctions mentioned previously. 
Since Q, is saturated, the base of Q; is reduced below that of its emitter, which 
is raised by the drop across D3. This shuts Q; OFF. With Q; OFF and Q, ON, 
the output goes LOW. . 

In summary, if either input goes LOW, the output becomes HIGH. If 
both inputs go HIGH, the output drops LOW. This is the condition for 
NAND. : 


Example 8-17a Assume Q, in Fig. 8-29 has three input emitters. 


a. What voltages must be applied to the three inputs to make the output 
go LOW? 

b. What is the output voltage? 

c. What is the status (OFF or ON) of Q2, Q3, and Q,? 


Solution 


a. All inputs must be HIGH. Using Appendix 8-4, Vjqg=2 V min. 
b. The output voltage is Vo, = 0.4 V max. 
c. Q, and Q, are ON. Q; is OFF. 


Example 8-17b 


a. In the previous example how many inputs must go LOW to achieve 
a HIGH output? 
b. What is the low input voltage? 
. What is the output voltage? 
d. What is the status (OFF or ON) of Q2, Q3, and Q,? 


‘e) 
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Solution 


. If one input goes LOW, the output goes HIGH. 

. Using Appendix 8-4, the low input voltage is V;, = 0.8 V max. 
The output voltage is Voy = 2.4 V min. 

. QO, and Q, are OFF. Q; is ON. 


aoe 


8-11 INPUT AND OUTPUT CURRENTS 


There is appreciable difference between the currents drawn or delivered by 
the gate at high and low levels. As a result, there are four distinct currents: 


[,—low-level input current. 
I—high-level input current. 
Io,—low-level output current. 
[o4—high-level output current. 


These currents are listed in Appendix 8-4, which is the source of the values 
listed in the subsequent sections. 


8-11.1 in and fing 


In Fig. 8-32 the A input is at Vj,, and the B input is at Vj. The low input 
forward biases the base-emitter junction to which it connects and draws cur- 
rent from Vcc through R, as shown in the drawing. The magnitude of this J, 
current varies with the type of gate but remains in the region of 1 mA. 
When the low-level input forward biases the respective base-emitter 
junction, the base drops to within 0.7 V of the low level. This reverse biases 
the other base-emitter junction to which the high level is applied. As a result, 
the high-level current I, is merely leakage current. This, of course, is quite 


Vo C 





Fig. 8-32 hin and Tia. Va = Vou, Vp = Von. ; 
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low—around 40 to 50 pA. Ij, flows into the chip and then out again as a very 
small part of Jj,. 

In the appendix Jj, is shown as negative and I; as positive. This is a 
convention which indicates negative currents coming out of the device and vice 
versa. 


and Io, 


When I7, flows out of the gate, it flows into another gate which is driving 
LOW. Since it is driving LOW, current flows into the driver Q, and is called 
oy. In addition, Jo; discharges the distributed capacitance of the inter- 
connecting line. These current paths are indicated in Fig. 8-33. In this drawing 
the gate takes the place of R,; in Fig. 8-31(b). 

Since it flows into the chip, Jo; is positive. The drive capability of the 
low-level driver varies from 3.6 to 20 mA for the 7400 series. 

Some learners have difficulty understanding the low-level drive since 
there is no obvious low-level emf. Q, is actually a switch which enables or 
disables the flow of current from Vcc. The emf is supplied by the difference in 
potential between Vcc and ground. It is like a spigot in the bottom of a barrel. 
When open, the liquid is driven through the orifice to the lower height by the 
force of gravity. | 

Toy occurs when Q; is turned ON. This drives the output line HIGH and 
furnishes charging current to the line capacitance and leakage current Jj, to 
the reverse-biased base-emitter junctions. Figure 8-34 shows the path of this 
current, the gate taking the place of R,, in Fig. 8-31(a). 


Vee | Voc 





Fig. 8-33 loz. 
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Fig. 8-34 lon. 


Ion flows out of the chip and is negative. Since the high-level input 
currents are much less than the low level, the high-level drive current does not 
have to be as great. For the 7400 series chips, Joy varies from 200 to 1000 pA. 


8-12 FAN-IN AND FAN-OUT 


These are well-used terms which define the relationship of the gate to the 
preceding and following stages. 


8-12.1 Fan-in 


The fan-in of a gate is merely the number of inputs. For example, a three-input 
NAND gate has a fan-in of 3. This means that logic signals from three different 
sources fan-in to this gate. 


8-12.2 Fan-out 


Observable from the data in the previous section, the output currents are 
appreciably higher than the input. This gives each gate the ability to drive 
several inputs, enabling the output signal to fan-out into a number of parallel 
paths. 

Figure 8-35 shows a TTL NAND gate fanning-out to drive four other 
TIL NAND gates. Since low-level currents have the greatest magnitude, 
fan-out is defined for the low-level condition. When fan-out is indicated nu- 
merically, the maximum capability is expressed. This is the total number of 
inputs which can be driven. Therefore, 
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Fan-out = Io, /In, 


A gate does not have to operate at its maximum fan-out capability and most 
of them do not. 

Line capacitance current does not affect the numerical definition of 
fan-out. However, a certain amount of Jo; is needed to discharge this capac- 
itance which can affect the fall time of the output signal. If a gate is loaded 
close to its capability, there is less current availble for discharge and the fall 
time becomes appreciable. 
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Fig. 8-35 Fan-out of the TTL gate. 
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Example 8-18 What are the fan-outs of the following gates? 


a. 7400. 
b. 74LS10. 
ec. 74820. 


Solution (Using Appendix 8-4.) 


a. For the 7400 Jo, = 16 mA, J, = 1.6 mA, 
Fan-out = 16/1.6 = 10 
b. For the 74LS10 Jo, =8 mA, J, = 0.36 mA, 
Fan-out = 8/0.36 = 22 
(fan-out has to be an integer). 
c. For the 74820 Io, = 20 mA, Ij, =2 mA, 
Fan-out = 20/2 = 10 
Example 8-19 Ifa 7400 gate is driving 3 each 7410 gates, how much current 
is available for future expansion? 
Solution Jo, of 7400 = 16 mA, Joy of 7410 = 1.6 mA, 
Available current = 16-3 1.6=11.2 mA 
8-12.3 Unit Load 
To help nonelectrical people put systems together, the term unit load is some- 
times used for /o, and Jj, instead of current. This is done by calling the most 


used /;, unity. Then all other currents are expressed in relation to this unit. For 
example, Io; of the same gate in unit loads will be 


Ioz (unit loads) _ 1 unit load 
Io, (current)  J;, (current) 


Cross multiplying 


. Tor (current) 
Tox (unit loads) = T, (current) 
In this particular case the unit loads turned out to be the fan-out. 


Example 8-20 If a unit load is I, of the 7400 gate or 1.6 mA, what are the 
following in unit loads? 
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a. Io, of 7400. 
b. Lr, of 74810. 
c. Io, of 74LS20. 


Solution 


a. Io, of 7400 = 16 mA, Jo, in unit loads = 16/1.6 = 10. 
b. I, of 74810 =2 mA, Jj, in unit loads = 2/1.6 = 1.25 or 1. 
c. [o, of 74LS20 = 8 mA, Jo; in unit loads = 8/1.6 =5. 


8-13 SOURCE AND SINK CURRENT 


This is merely a way of expressing whether the drive current comes from a high 
level or goes to a low level. Since current is a flow, a simple analogy can be 
borrowed from the hydraulics world using water as a medium. Water flows 
from the source, which is at a high level or potential, to a sink, which is at a 
low level. It is easy to relate to these terms. 

In Fig. 8-33, Jor is seen flowing to a low level or ground and can be called 
sink current. Looking at Fig. 8-34, Joy can be seen coming from a high-level 
Vcc and is referred to as source current. 

These terms are also used as verbs. Q, in Fig. 8-35 is said to be sinking 
the four gates. In Fig. 8-31(a), Q3 is sourcing Ry». 


8-13.1 Source Resistors 


Since Joy is quite small, the rise time of a pulse can become excessive if the 
capacitance of the output line fanning-out to the adjacent gates is appreciable. 
To provide additional source current, a resistor is sometimes connected be- 
tween the line and V¢,- in parallel with Q;. This is called a source resistor. It 
is not uncommon for the source resistor to be connected to a higher voltage 
with a diode clipper to Vcc as explained in Sec. 5-7. 

Although the source resistor reinforces the Joy, it is a detriment when 
driving at Vo,. It is necessary to sink this resistor along with the gate inputs. 
As a result, when this sink current is subtracted from Jo;, there is less current 
available for fan-out to other gates. 


Example 8-21 A 2K resistor is connected between Vcc and the output line of 
a 7400 NAND gate to improve rise time. What is the available fan-out of this 
gate? | 


Solution ‘The resistor is connected to the line as in Fig. 8-36. Io, = 16 mA, 


Tin = 1.6 mA, VoL =().4 (Appendix 8-4), Vec =5 V. 


Ip = (5—0.4)/2K =2.3 mA 
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Fig. 8-36 Sinking a source resistor. 


Current available for fan-out 


Wot)’ =16-—2.3=13.7 mA 
Fan-out = 13.7/1.6=8 


Because of the source resistor, two less gates can be driven. 


Example 8-22 Repeat Example 8-21 if the 2K resistor is connected to +12 
with a diode clamp to +5. 


Solution The position of the resistor and clamp is in Fig. 8-37. Jo, = 16 mA, 
ly = 1.6 mA, VoL = 0.4, 


Ip = (12 — 0.4)/2K =5.8 mA 
Current available for fan-out 


Io, = 16 — 5.8 = 10.2 
Fan-out = 10.2/1.6 =6 


A further improvement in rise time is accompanied by a still further reduction 
in fan-out. 


8-14 UNUSED INPUTS 


Since there are more than one gate per chip, it often conserves space and cost 
to fill up an existing chip before introducing a new one. Because of this, three- 
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Fig. 8-37 Pull-up to higher voltage with clamped output—sink current path. 


and four-input gates can be used for lower fan-in with one or more inputs 
unused. Also, a gate can be used for an inverter. 

This brings up the question of what to do about an unused input. Assume 
input A is open in Fig. 8-29. The output will then be entirely under the control 
of input B. The absence of input A effectively opens the gate as if it were a 
high-level input. Therefore, we can conclude that logically an unused input 
behaves as if it were HIGH. 

However, due to the high impedance to ground of an open input, it is 
noise prone. To minimize noise the following procedures are recommended.’ 


a. Connect unused inputs to an independent supply voltage, preferably 
between Vosminy and 4.5 V. 

b. Connect unused input to a used input. This causes additional loading 
to the high voltage level but does not affect the low level. 

c. Connect unused inputs to Vcc through a 1K resistor. The resistor will 
protect the input from a transient which exceeds the maximum input 
rating. 

d. Connect unused inputs to a fixed high-level output of an inverter or 
NAND gate which is held high by a grounded input. Naturally, the 
maximum high-level drive capability of the output should not be 
exceeded. 


°Paraphrased from The TTL Data Book, by Texas Instruments. 
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8-15 POWER DISSIPATION 


The average power dissipation is the product of the nominal Vcc (or 5 V) and 
the average [cc flowing into the voltage terminal: 


P= Vc(nom) x I ccrave) where Vec(nom) =3 V 


The supply currents for TTL NAND gates and inverters with totem pole 
outputs are shown in Appendix 8-5. 
For the following gates the average current per gate is 2 mA. 


7400 quad 2-input NAND. 
7404 hex-inverter. 

7410 triple 3-input NAND. 
7420 dual 4-input NAND. 

7430 8-input NAND. 


To emphasize this, let us reorganize the information in Appendix 8-5 with 
typical values only. To this let us add columns for the average current, as- 
suming 50% duty cycle, and the number of circuits per chip. This is done in 
Table 8-7 where 


Iccy assumes all gates are at high-voltage output level. 
Iccy assumes all gates are at low-voltage output level. 
I ccvave) with 50% duty cycle iS Uccu 7 Iccrt)/2. 





TABLE 8-7 Calculation of Typical Average Current per Gate. 
All Typical Values 


locn Tecxr I CC(ave) [ CC(ave) 
High Out Low Out 50% Duty Cycle Gates Per Gate 

Type (mA) (mA) (mA) Per Chip (mA) 
7400 4 12 8 4 2 
7404 6 18 12 6 2 
7410 9 6 3 # 
7420 2 6 4 2 2 
7430 if ° 2 1 Z 


From the information demonstrated in the table, it can be derived that 
the gate with typical current drain, switching equally between HIGH and 
LOW, consumes 10 mW. 
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For the same conditions, Appendix 8-5 shows the average gate current 
for the H, L, S, and LS types. A summary is listed in Table 8-8. Compare these 
figures to those of the gate with no special requirements. Notice the difference 
in consumption between the high- and low-power types. Also observe the 
additional power requirements to obtain speed. 


TABLE 8-8 Power Consumption of Gates with Different Electrical Requirements. 


Tecave) Ave. Power 
Middle Typical Gate Typical Gate 
Letter Characteristics (mA) (mW) 
H High Power 4.5 PP, 
L Low Power 0.2 1.0 
S High Speed 3.75 18.75 
LS Low Speed—High Power 0.4 2.00 





SUMMARY 


In a diode AND gate the inputs are applied to the cathodes of the diodes 
while the output is from the joint anodes. The output responds to the lowest 
input. As a result, cathodes A and B must be HIGH for the output to be 
HIGH. This is why it is an AND gate. 

In the diode AND gate above, if inputs A or B are LOW the output is 
LOW. As a result, the configuration performs an AND function with HIGH 
input levels and an OR function with LOW input levels. Hence the same 
circuit can also be called a —OR gate. 

In a diode OR gate the inputs are applied to the anodes of the diodes 
while the output is from the joint cathodes. The output responds to the highest 
input. As a result, the output will be HIGH when anode A or B is HIGH. This 
is why it is an OR gate. 

In the diode OR gate above, if inputs A and B are LOW the output is 
LOW. As a result, the configuration performs an OR function with HIGH 
input levels and an AND function with LOW input levels. Hence the same 
circuit can also be called a -AND gate. 

When a HIGH level is applied to one input of an AND gate and a pulse 
to the other input, the pulse will pass through to the output. In this case the 
HIGH level is said to open or enable the gate. 

When a low level is applied to one input of an AND gate and a pulse to 
the other input, the output, responding to the lowest input, will be LOW and 
the pulse will not pass through. In this case the gate is closed or disabled. 

When the above connections are applied to an OR gate, a low level will 
enable the gate and pass the pulse; while a high level will disable the gate, 
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blocking the pulse, and cause a HIGH output. This is because the OR gate 
responds to the highest input. 

Boolean algebra is a form of mathematics in which the constants and 
variables have only two positions generally called 1 and 0. The operations are 
AND (symbolized by a - or an X), OR (symbolized by a +), and INVERT 
(symbolized by an overbar on the variable—like A). 

To perform a specific function, AND and OR gates are organized in a 
network. A Boolean expression represents the function being performed. The 
deployment of the gates is shown in a logic block diagram where each block 
is a symbolic drawing of the gate. The shape of the AND block is sometimes 
referred to as a “bullet” and the shape of the OR block as a “‘shield.”’ Logic 
is a means of defining the operation of a digital machine using Boolean 
expressions and/or logic block diagrams. 

A truth table is an organized solution of a Boolean expression for all 
possible combinations of input. 

Diode gates cannot effectively be cascaded in a network because each 
logic level requires a different gate resistor. This prevents standardization and 
makes changes in the logic network awkward. 

Since it maintains a low saturation voltage over a wide range of load 
current, a transistor is used as an output driver for a gate. This enables gates 
of standard construction which can be consistently used throughout a network. 
Since the driver inverts the output level, the gates invert the logic function. 

A system of gates employing a diode AND gate in the input circuit and 
a transistor driver in the output is appropriately called DTL (diode-transistor 
logic). 

: Sas a diode AND gate is followed by an inverting driver, the entire 
circuit becomes a NAND gate. A NAND gate responds to the lowest input 
level and inverts giving the following results. 


If inputs A and B are HIGH, the output is LOW. 
If inputs A or B are LOW, the output is HIGH. 


To achieve the AND of two variables with a NAND gate, the output of the 
gate must be followed by an inverter. To achieve the OR of two variables, each 
input must be preceded with an inverter. An AND-OR sequence can be 
performed with no additional inverters. 

When a diode OR gate is followed by an inverting driver, the entire 
circuit becomes a NOR gate. A NOR gate responds to the highest level and 
inverts giving the following results. 


If inputs A or B are HIGH, the output goes LOW. 
If inputs A and B are LOW, the output goes HIGH. 
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To achieve the OR of two variables with a NOR gate, the output of the gate 
must be inverted. To achieve the AND of two variables with a NOR gate, each 
input must be preceded by an inverter. NOR gates can perform OR-AND 
relationships in sequence without additional inverters. 

Both NAND and NOR gates have a dual symbol. The conventional 
NAND symbol is the AND block with a bubble on the output. However, it can 
also be represented with the OR block and bubbles on each input. The bubble 
indicates a logic inversion. The conventional NOR symbol is the OR block 
with an output bubble. The dual is an AND block with bubbles on each input. 

A NAND gate with a pulse input is enabled with a HIGH level on the 
other input and disabled with a LOW level at this point. Under similar input 
conditions, a NOR gate is enabled with a LOW level and disabled with a 
HIGH level. With both of these gates the pulse is inverted in passing through. 
Also the input level that disables the gate appears inverted at the output. 

DeMorgan’s theorem is a way of simplifying a negated Boolean expres- 
sion. The result of its application is the negation of the connected terms and 
the change of the connective from AND to OR and vice versa. For example 





A+B=A-B 
A:B=A+B=A+B 


| >| 


when DeMorgan’s theorem is applied. 

TTL (transistor-transistor logic) is presently the most popular logic sys- 
tem. The basic TTL circuit is a NAND gate in which the input element is a 
multiemitter transistor that performs an AND function. There are two output 
drivers in tandem called a totem pole. One driver, an emitter follower, pro- 
vides drive for the high level; the other, an inverter, provides drive for the low 
level. A “phase splitter’ separates the input signal into two paths. The signal 
to the emitter-follower driver is inverted at the ‘‘phase-splitter”’ collector. The 
signal to the inverting driver comes from the “‘phase-splitter” emitter non- 
inverted. The input transistor is always in saturation. Since it is not necessary 
to switch out of saturation the storage time is minimized, improving the speed. 

TTL (and DTL) gates have the following basic combinations: 


six inverters—called hex inverter. 

four each two-input gates—called quad 2-input NAND. 
three each three-input gates—called triple 3-input NAND. 
two each four-input gates—called dual 2-input NAND. 


The number of gates or inverters per chip is a function of the number of 
terminals available. 

Each gate has a high-level and low-level output drive current called Joy 
and Io,. The maximum values of these currents represent the drive capability 
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of the gate. The output voltages must stay within the Vorinax) OF Voxniny SPEC- 
ifications when this current is supplied. Jo; is much higher than [oy. 

Each gate has high- and low-level input currents called Jj, and Ij, which 
provide a drain on the driving gate. [;, occurs when a base-emitter junction of 
the input transistor is forward biased. It is much higher than Jj, which is 
merely leakage current through a reverse-biased base-emitter junction. 

Fan-out is the ratio of Io, to I, and represents the number of like gates 
the output will drive. 

Fan-in is the number of gate inputs and represents the number of logic 
paths which can be fanned-in from the preceding circuitry. 

If all currents are expressed as a multiple of /;,, then [;, represents a unit 
load. 

Since it flows to a low level, [o, is referred to as sink current. When a gate 
has a low-level output, the driver sinks the [;, currents of the gates to which 
it is connected (or fans-out). 

Since it flows from a high level, Jo, is referred to as source current. When 
a gate output has a high level, it sources the Ij, currents of the gates to which 
it is connected. 

Source and sink current charge and discharge capacitance between the 
output lines and ground. The more current available, the faster the rise and 
fall times of the output signal. 

Unused inputs of a NAND gate should be connected to high levels to 
open the gate for the passage of active signals. For TTL inputs there are 
several methods of doing this. A common method is to connect these inputs 
to the collector source voltage Vcc through 1K resistors. 

The individual standard TTL gate (not chip) with typical current drain, 
switching equally between HIGH and LOW output, consumes 10 mW. 


PROBLEMS 


1. Assuming a diode forward drop of 1 V, what is the output of a three-input 
diode AND gate with the following input voltage combinations? 
a.A=+6, B=0, C=—6. 
b.A=+5, B=+5,C=0. 
ec A=+5,B=0,C=0. 

2. Assuming a diode forward drop of 1 V, what is the output of a three-input 
diode OR gate with the following input voltage combinations? 

a. A =+6,B=0, C=+6. 
bA=+5, B=+5, C=0. 
ec A=+5, B=0,C=0. 

3. Draw the logic block diagram for the following logic expressions. 

a. A-B-C+D. 
b. (A +B)-C-D. 
c.A-B-C+D. 
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. Designate the output of each gate in problem 3a as 1 or O if the inputs are: 


aA=B=C=1,D=0 
b A=B=1,C=D=0. 


. Designate the output of each gate in problem 3b as a high or low voltage 


level if the inputs are 
a. A =C =HIGH, B =D =LOW 
b. A = B=LOW, C=D = HIGH. 


. Designate the output of each gate in problem 3c as a high or low voltage 


level if the inputs are: 
aA=B=C=D=1 
bA=),B=C=D=1. 


. Derive the truth tables for: 


a. the expression in problem 3a; 
b. the expression in problem 3b. 


. How many rows are in the truth table for the expression in problem 3c? 
. Derive the logic expression for the output of each gate in Fig. 8-38. 
. Draw the symbols for: 


. t+AND gate; 

. -AND gate; 

. tOR gate; 

. —OR gate. 

. Draw the truth tables for both +AND and —OR gates. 

. Are they the same? 

Can the same diode gate serve as both +AND. and —OR? 
- When would you use a —OR gate? 

. Draw the truth table for both +OR and —AND gates. 

. Are they the same? 

. Can the same diode gate serve as both +OR and —AND? 
. When would you use a —AND gate? | 

In practice why would diode gates not be used in the logic blocks of Fig. 
8-38? 

Why do diode gates feed output transistors as in DTL logic? 


Baemwrpacarrpan oe 
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15. 
16. 
17. 


18. 


19. 
20. 


Fig. 


21. 


22. 


23. 
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What is an apparent difficulty in using a circuit in which a diode gate feeds 

an output transistor? 

Why are NAND and NOR logic used? 

a. Draw the symbol for the NAND gate. 

b. Is the NAND gate the same as a negative AND gate? (Refer to prob- 
lem 10b.) 

a. Draw the symbol for the NOR gate. 

b. Is the NOR gate the same as a negative OR gate? (Refer to problem 
10d.) 

Is the symbol in Fig. 8-39(a) a NAND or NOR? 

Is the symbol in Fig. 8-39(b) a NAND or NOR? 


A A 
B B 
(a) (b) 
8-39. 


Find the output of a NAND gate using each symbol with the following 


inputs. 
a. A =1, B=1. 
b. A =0, B=1. 


c. A = LOW, B =LOW. 
Find the output of a NOR gate using each symbol with the following 


inputs. 
a. A =0, B =0. 
b.A=1, B=0. 


c. A = HIGH, B = HIGH. 

The pulse in Fig. 8-40 is applied to terminal A of a two-input gate. What 
voltage must be applied to the B input to pass the pulse? Assume the gate 
can be the following: 

a. AND. c. NAND. 

b. OR. d. NOR. 


Fe 
sf} EI bk 


Fig. 8-40. 


24. 


Repeat problem 23 if it is desired to “‘wipe out the pulse.”’ 
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26. 


Li. 
28. 
29, 
30. 
31. 
32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 
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Draw the output if the pulse in Fig. 8-40 is applied to input A and 3 V 
applied to input B with 

a. a diode AND gate (diode voltage drop = 0.7 V); 

b. a diode OR gate (diode voltage drop=0.7 V). 

The pulse in Fig. 8-40 is applied to terminal A of Fig. 8-39(a). Draw the 
output voltage if the following are applied to input B. 

a. A low level of 0 V. 

b. A high level of 5 V. 

Repeat problem 26 for Fig. 8-39(b). 

Use aNAND gate and necessary inverters to achieve the function A + B. 
Use a NAND gate and necessary inverters to achieve the function A- B. 
Use a NOR gate and necessary inverters to achieve the function A- B. 
Use a NOR gate and necessary inverters to achieve the function A + B. 
a. Which of the above is facilitated by the use of the symbol in Fig. 
8-39(a)? 

b. Repeat for Fig. 8-39(b). 

a. Make a NAND block diagram of the following expression: 


(A +B)-C-D. 


b. From the NAND block diagram, write the NAND equation. 

Using the NAND block diagram in problem 33, designate the output of 
each gate as HIGH or LOW with the following inputs. 

a. A = LOW, B = HIGH, C = LOW, D = HIGH. 

b. A = HIGH, B = HIGH, C = LOW, D = HIGH. 

c. A =LOW, B =LOW, C =HIGH, D = HIGH. 

A NAND gate has inputs A, B, and C. Use DeMorgan’s theorem to show 
that the output is 4 +B+C. 

a. Make a NOR block diagram of the following expression: 


A:-B+C+t+D. 


b. From the NOR block diagram write the NOR equation. 

Using the NOR block diagram in problem 36 designate the output of each 
gate as HIGH or LOW with the following inputs. 

a. A = HIGH, B = LOW, C = HIGH, D = HIGH. 

b. A =HIGH, B = HIGH, C =LOW, D = HIGH. 

c. A =LOW, B =LOW, C =LOW, D =LOW. 

A NOR gate has inputs A, B, and C. Use DeMorgan’s theorem to show 
that the output is A- B-C. 

Solve the following expressions using DeMorgan’s theorem. 

a. (D+E)-F. 

b. DEF + GH. 

In a TTL circuit what advantage is gained from the multiemitter input 
stage? Why? 

What are the purposes of diodes D,, D,, and D; in Fig. 8-29? 
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43. 
44. 


45. 
46. 
47. 


48. 
49. 
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What problem is caused in the TTL circuit (Fig. 8-29) if transistors Q; and 

Q, are both on for a short interval? 

What is the output circuit of a TTL gate called? 

Use Fig. 8-29 and assume high and low levels are +5 and 0 V, respectively. 

If both A and B are +5 V, designate whether the following are HIGH or 

LOW. 

a. Base Q). 

b. Base Q). 

c. Base Q3. 

d. Base Q,. 

e. Output. 

Repeat problem 44 if A =5 V and B=OV. 

Is the TTL gate AND, OR, NAND, or NOR? Why? 

Use the 7400 quadruple 2-input NAND gate chip in Appendixes 8-1 and 

8-4. If both inputs to a gate are +3: 

a. What is the available output current? 

b. Assuming conventional current, does this current flow into or out of 
the chip? 

c. How much current must be furnished by the drivers which are holding 
these inputs at +3 V? 

d. Does this (conventional) current flow into or out of the 7400? 

Repeat problem 47 if both inputs are at 0.5 V. 

Using the 7410 triple 3-input NAND gate in Appendixes 8-2 and 8-4, with 

terminals 3, 4, and 5 all at +4 V: 

a. What voltage is at terminal 6? 


_ b. What voltage is at terminal 6 if the voltage at terminal 3 is reduced to 


50. 


=i 


52. 


0.6 V? 
Using the 7410 triple 3-input NAND gate in Appendixes 8-2 and 8-4: 
a. What voltages are required on terminals 3, 4, and 5 to obtain a satura- 
tion voltage at terminal 6? 
~» What current is available at terminal 6? 
. Is it sink or source current? 
. How many 7400 gates will it drive? 
e. What is the fan-out? 
Using the 7410 triple 3-input NAND gate in Appendixes 8-2 and 8-4: 
a. What voltages are required on terminals 3, 4, and 5 to obtain a high 
level output voltage? 
b. What is the available current? 
c. Is it sink or source current? 
d. Where does this current go if the 7410 is driving 4 each 7400 gates? 
What is the fan-in of the following? 
a. 7402, Appendix 8-1. 
b. 7415, Appendix 8-3. 


Qa & 
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What is the fan-out of the following gates? Use Appendix 8-4. 


a. 
b. 
a. 
b. 


C. 


d. 


74L00. 

T4LSO00. 

If the 7410 in problem 50 is driving close to its maximum load, how may 
the rise time be improved? 

If a 1K pull-up resistor is connected to the line as in Fig. 8-36, to 
improve rise time, how many gates can be driven? 

Repeat problem 54b using the configuration in Fig. 8-37 where 
Vec = +5, 

What is the advantage of the circuit in Fig. 8-37 for improving rise 
time? What is the disadvantage? 


Put the circuit in Fig. 8-41 into integrated circuit packages using the 
minimum number of chips. 


a. 
b. 
a. 


b. 


What chips are used and how many of each? 

What should be done with unused inputs? 

What is the average power consumption of the 7410 assuming inputs 
are at 50% duty cycle? 

What is the relationship of power consumption to speed? 


> > 


APPENDIX 8-1: Families of Compatible TTL Circuits. 


SSI GATES... LOGIC AND PIN ASSIGNMENTS (TOP VIEWS) | 


44 GND 38 


QUADRUPLE 2-INPUT 
POSITIVE-NAND GATES 


positive logic: 
Y=AB 
1¥ 2A 2B 2Y 1B 4261Y)= «Vcc o2 
SN5400/SN7400(J, N) SN5400/SN7400(W) 
SN54H00/SN74HO00(J, N) SN54H00/SN74HO0(W) 
SN54L00/SN74L00(J, N) SN54L00/SN74L00(T) 
See page 86 SN54LS00/SN74LS00(J, N, W) 
SN54S00/SN74S00(J, N, W) 


Q 1 ay 4B 44 GND 38 3A 


QUADRUPLE 2-INPUT 
POSITIVE-NAND GATES 
WITH OPEN-COLLECTOR OUTPUTS 


positive logic: 
Y =AB 
1B 1Y Vcc 
SN5401/SN7401(J, N) SN5401/SN7401(W) 
SN54LS01/SN74LS01(J, N, W) SN54H01/SN74H01(W) - 
SN54L01/SN74L01(T) 


See page 88 


02 


QUADRUPLE 2-INPUT 
POSITIVE-NOR GATES 


positive logic: 
Y = A+B 
2Y 2A 28 1B 1Y Vcc 2A 


SN5402/SN7402(J, N) SN5402/SN7402(W) 

SN54L02/SN74L02(J, N) SN54L02/SN74L02(T) 
See page 92 SN54LS02/SN74LS02(J, N, W) 

SN54S02/SN74S02(J, N, W) ; 





Courtesy of Texas Instruments. 
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APPENDIX 8-2: Families of Compatible TTL Circuits. 


SSI GATES ... LOGIC AND PIN ASSIGNMENTS (TOP VIEWS) 


















6A 6Y 5A 5Y 4A 4Y 





07 


HEX BUFFERS/DRIVERS 
WITH OPEN-COLLECTOR 
HIGH-VOLTAGE OUTPUTS 













positive logic: 
Y=A 










"3A 


SN5407/SN7407(J, N, W) 





3Y 
See page 106 







QUADRUPLE 2-INPUT 
POSITIVE-AND GATES 









positive logic: 
Y = AB 















1A 





1B 


SN5408/SN7408(J, N, W) 
SN54LS08/SN74LS08(J, N, W) 





1Y 





2A 2B 2Y 










See page 94 










4Y 3B 





QUADRUPLE 2-INPUT 
POSITIVE-AND GATES 
WITH OPEN-COLLECTOR OUTPUTS 












positive logic: 
Y =AB 












1Y 2A 


SN5409/SN7409(J, N, W) 
SN54LS09/SN74LS09(J, N, W) 


2Y 












See page 96 





GND 38 





10 


TRIPLE 3-INPUT 
POSITIVE-NAND GATES 









positive logic: 
Y = ABC 












2B 2C 2Y¥ Vcc 












SN5410/SN7410(J, N) SN5410/SN7410(W) 
SN54H10/SN74H10(J, N) SN54H10/SN74H10(W) 
SN54L10/SN74L10(J, N) SN54L10/SN74L10(T) 






SN54LS10/SN74LS10(J, N, W) 
SN54S10/SN74S10(J, N, W) 


See page 86 
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APPENDIX 8-3: Families of Compatible TTL Circuits. 


SSI GATES... LOGIC AND PIN ASSIGNMENTS (TOP VIEWS) 





15 


TRIPLE 3-INPUT 
POSITIVE-AND GATES 
WITH OPEN-COLLECTOR OUTPUTS 


positive logic: 
Y = ABC 


See page 96 


16 


HEX INVERTER BUFFERS/DRIVERS 
WITH OPEN-COLLECTOR 
HIGH-VOLTAGE OUTPUTS 


positive logic: 


Y=A 


See page 106 


17 


HEX BUFFERS/DRIVERS 
WITH OPEN-COLLECTOR 
HIGH-VOLTAGE OUTPUTS 


positive logic: 
Y=A 


See page 106 


20 


DUAL 4-INPUT 
POSITIVE-NAND GATES 


positive logic: a 
Y = ABCD 1A 1B NC IC 1D 


SN5420/SN7420(J, N) 
SN54H20/SN74H20(J, N) 
SN54L20/SN74L20(J, N) 
SN54LS20/SN74LS20(J, N, W) 
SN54S20/SN74S20(J, N, W) 


Courtesy of Texas Instruments. 


SN54H15/SN74H15(J, N, W) 
SN54LS15/SN74LS15(J, N, W) 
SN54S15/SN74S15(J, N, W) 


1c 18 GND 2Y 


NC 


SN5420/SN7420(W) 
SN54H20/SN74H20(W) 
SN54L20/SN74L20(T) 





NC—No internal connection 


LEE 


recommended operating conditions 


54 FAMILY SERIES 54 SERIES 54H SERIES 54L SERIES 54LS SERIES 54S 
74 FAMILY SERIES 74 SERIES 74H SERIES 74L SERIES 74LS | SERIES 74S 
*LSOO, "S00, ‘S04 
00, ‘04, "HOO, ‘HO4, ‘LOO, ’L04, 


“10, ’20, ‘30 ‘H10, 'H20, ‘H30 | 'L10, ’L20, 'L30 


MIN NOM MAX|MIN NOM MAX|MIN NOM MAX 


tage, 
upply voltage, Vcc 5 5.25 14.75 


"LSO04, ’LS10, S10, ‘S20, 


: 
High-level output current, IOH 





TEST CONDITIONSt 





‘LOO, ‘L04, 
"L10, ‘L20, ’L30 













UNIT 























electrical characteristics over recommended operating free-air temperature range (unless otherwise noted) 
‘H10, ‘H20, ‘H30 
"LS20, ’LS30 "S30, ‘S133 
74 Family 


Low-level output current, | 

74 Family 
SERIES 54 SERIES 54H SERIES 54L SERIES 54LS SERIES 54S 
SERIES 74 SERIES 74H SERIES 74L SERIES 74LS SERIES 74S 

TEST 
PARAMETER 
FIGURE 
MIN TYP? MAX |MIN Typ? MAX |MIN TYP? MAX|MIN TYP? MAX]MIN TYPE MAX 
2 
V 
Vv Input clamp voltage 3 Vec=MIN, l)=8 ° 


Operating free-air temperature, T a 
‘LSOO, ‘SOO, ‘S04, 
‘00, ‘04, 
| Veo=MIN, Vit = Vit max] 54 Family _| 
VOH High-level output voltage oh th : 


on 
* 

| 
— 
o 

| 
ro) 

| 
—s 
NO 


© 
N 


‘sINdjNO ajOg-Wa}O] UUM SJaVaAU| PUL SAIL GNYWN-AANISOd 


NIN 
pls 
W] 
Pi 
| 
at 


"HOO, 'HO4, 
"LSO4, ‘LS10, ‘S10, ‘S20, 
"10, ‘20, ‘30 
1, 
tt Low-level input voltage 1,2 - 
| 
1OH = MAX 74 Family . : . , : 
> Vcc =MIN, Vip =2V, 54 Family 02 04 0.2 04 0.15 0.3 0.25 04 0.5 
VoL _ Low-level output voltage 02 05 
Input current at 
maximum input voltage 


lot = MAX - | 74 Family 
1 Vcc = MAX, V,=5.5V 
11H High-level input current 
Low-level input current 


S 
> 


o 
o 
| 
=r 
bd 


ViIH=2.4V 
Vcc = MAX 
; ViH=2.7V 


3 


‘LS30 
5 V = MAX Vip = 0.4 V 
Ge Je Others 


Vit =0.5V 





Short-circuit 


Pin = WAX 54 Family 0 
OS output current® ce 74 Family —40 —100 | -3 —15] —5 —42 | —40 —100 
Icc Supply current 7 Vcc = MAX See table on next page 


TF or conditions shown as MIN or MAX, use the appropriate value specified under recommended operating conditions. 

FAI typical values are at Veco =H5 V,.Ta = 25°C, 

8 1) = —12 mA for SN54’/SN74’, —8 mA for SN54H’/SN74H’, and —18 mA for SN54LS’/SN74LS’ and SN54S’/SN74S’. 

®Niot more than one output should be shorted at a time, and for SN54H’/SN74H’ and SN54S'/SN74S’, duration of short-circuit should not exceed 1 second. 
*The input clamp voltage specification is effective for Series 54/74 and 54H/74H parts date-coded 7332 or higher. 


Courtesy of Texas Instruments. 





EBB 


b-8 XIGNdddV 


CEE 


supply current{ 


lccH (mA) 


Total with outputs high | Total with outputs low 


lcci (mA) 


icc (mA) 
Average per gate 
(50% duty cycle) 





switching characteristics at Vcc =5 V, Ta = 25°C 


TYPE 







tpHL (ns) 
Propagation delay time, 


tpLH (ns) 
Propagation delay time, 















TEST 
CONDITIONS# 






low-to-high-level output high-to-low-level output 









Ca oe 
‘LOO, ‘LO4, 
'L10,L20 | CL=50pF, RL=4k2 i 60 31 60 
"LSOO, ‘LSO4 - 

9 20 10 20 





‘LS10, ‘LS20} CL= 15pF, RL =2k2 


"LS30 25 35 
S10, 'S20_ | Cp=50pF, Ru=2802 | 45 CO SCsdCY 
‘S30, 'S133 


#Load circuits and voltage waveforms are shown on pages 148 and 149. 







q Maximum values of |cc¢ are over the recommended operating ranges of Vcc and Ta; typical values are at Vcc =5 V, Ta = 25°C. 


schematics (each gate) 


OUTPUT Y 













[___cincuir____[ Ai | A2 | A3] Aa] 
00, ‘04,10, ‘20,30 | 4k |1.6k] 130 | 1k] 
‘LOO, ‘LO4, ‘L10, ‘L20,L30] 40k | 20k] 500 | 12k | 
00, ‘04, ’10, ’20, ‘30 
"LOO, ’LO4, ’L10, ’L20, ’L30, CIRCUITS 
Input clamp diodes not on 
SN54L’/SN74L’ circuits. 








"HOO, ’HO4, ’H10, ’H20, ‘H30 CIRCUITS 


Resistor values shown are nominal and in ohms. 






“LS3O0 17k 
Others 25k 





OuTPUT 
Y 





Ba 
ae 
r 








| 
e 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


p< Eek eae ee 





OF 4--1-- 





"LSOO, ’LS04, ‘LS10, ‘LS20, 
"LS30 CIRCUITS 


‘SOO, ‘S04, ’S10, ’S20, 
‘S30, ‘S133 CIRCUITS 


Courtesy of Texas Instruments. 
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Logic Systems 


The most widely used logic systems today are TTL and CMOS. This chapter 
will deal primarily with devices from these systems. In addition, attention will 
be given to ECL, because of its high-speed operation, and the versatile I?L 
which lends itself readily to large-scale integration due to its high packing 
density and low power consumption. Although of limited application, a brief 
formulation of NMOS and PMOS gates will also be offered. 


9-1 TTL (TRANSISTOR-TRANSISTOR LOGIC) 


The basic TTL circuit is the NAND gate which was presented in the previous 
chapter. For the reader’s convenience this gate is redrawn in Fig. 9-1. The 
component designations (R,, R2, Q;, etc.) will be maintained in subsequent 
modifications. For example, the totem pole transistors will always be Q; and 
Q,, the input transistor and attached base resistor will always be Q, and R,, 
and so forth. 

The input to a TTL circuit is always to an emitter of the unusual 
common-base configuration containing Q,. The output is taken from the totem 
pole, as indicated in Fig. 9-1, or from the open collector of Q,. Some totem 
pole outputs can be completely shut off giving what is known as three-state 
operation. TTL circuitry can be organized internally to form NOR, AND, and 
OR functions as well as NAND. They can also be designed for different 
conditions of speed and power consumption. 

Since the 5400 and 7400 series are equivalent in many respects, for 
simplification only the 7400 types will be used for examples. 


9-1.1 Performance 


As mentioned in Chapter 7' under the discussion of chip designation and 
nomenclature, the letters L, H, S, or LS appear in the middle of the TTL 


* Specifically, Sec. 7-5.3. 
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Fig. 9-1 Standard TTL NAND. 


symbol to designate a deviation from the standard performance for the pur- 
pose of increased speed, lower power consumption, or both. 


9-1.1.1 L Type 


The L type is for low power consumption and is intended for use where a large 
number of units are drawing current from a limited power source. Lower 
power consumption is achieved by increasing the ohmic value of the internal 
resistors. In Fig. 9-1 the four resistors differ as shown in Table 9-1. 


TABLE 9-1 Comparison of Internal 
Resistors—Standard and L Gates.* 


Standard Low Power 
Resistor Gate Gate 
R, 4.0K 40K 
R, 1.6K 20K 
R; 130 © 500 © 
R, 1.0K 12K 


“From The TTL Data Book, Texas Instruments Incor- 
porated. 
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9-1.1.2 H Type 


Although the H in the symbol 1s interpreted as high power, the purpose of this 
type is to achieve greater output current and higher speed. Both of these 
advantages cause greater power consumption. Figure 9-2(a) shows the H 
configuration. Note that the resistances of R, through R, are quite low, and 
that there is an intermediate emitter follower added to give greater base drive 
to Q; resulting in increased source current Ip;;,. The base-emitter drop of Q; 
is in series with the base-emitter voltage of Q3 and, as a result, renders diode 
D; in Figure 9-1 unnecessary.” 


9-1.1.3 S Type 


The S means higher speed. S units are faster than the H series, have compara- 
ble fan-out, and consume about 15% to 20% less power. This unit is shown 
in Fig. 9-2(b). Notice that resistors R, through R; are also quite small and that, 
except for Q,, Schottky transistors are used throughout to improve the prop- 
agation delay. The purpose and function of the Schottky diode and the formu- 
lation of a “Schottky transistor’ are discussed in Secs. 6-6.2 and 6-6.3. Some 
sources associate Schottky with the S in the designation. 

In the S type R, of the standard series is replaced by a circuit made up 
of Rs, R;, and Q,. This is an unusual transistor circuit since there is no output 
connection to either the emitter or the collector. It behaves like a variable 
resistor as it shunts current around the base of Q,. This current increases as 
Q, drives harder so that the base current of Q, is throttled at saturation. This 
enables Q, to turn off faster. 


9-1.1.4 LS Type 


The LS versions give both low power consumption and high-speed operation. 
It is not as fast as the S and draws more power than the L. However, the 
combination gives the lowest speed-power product of all types. The speed- 
power product is the average propagation delay times the average power 
consumption of a single gate and is a measure of the overall performance. 

Figure 9-2(c) is an example of an LS gate. Note that the input transistor 
is replaced by a Schottky diode gate. Otherwise, the circuit is like that of the 
S unit except for higher resistor values, the addition of Schottky diode D,, and 
the relocation of R;. The combination of D, and R; enables Q, to discharge 
line capacitance while the output transistors are still switching. This improves 


*Both the diode and the base-emitter voltage of Q; raise the collector voltage of Q, needed 
to turn on Q3. 
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Fig. 9-2 High-speed TTL gates. (a) 74HOO. (b) 74S00. (c) 74LSOO. 
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TABLE 9-2 Electrical Performance of the 7400.° 


Propagation Power  Speed-Power 
Delay’ Dissipation’ Product Des, Sege Dee Toe 


Series (nsec) (mW) (pI)? (mA) (A) (mA) (pA) Fan-out 
LS 9.5 2 19 8.0 400 0.36 20 22 
L 33.0 1 33 3.6 200 0.18 10 20 
S 3.0 19 57 20.0 1000 2.00 50 10 
Standard 9.0 10 90 16.0 400 1.60 40 10 


H 6.0 22 132 20.0 500 2.00 50 10 


“Information from The TTL Data Book, Texas Instruments. 
» Average of typical t,,4 and thy, at 25°C. 

“Typical per gate at 25°C. 

“pJ is picojoules. 


the t,4,. Emitter current of Q; also has a direct path to the output and charges 
the line capacitance before driver Q; is fully ON. This improves the t,,4 


9-1.1.5 Summary 


A performance summary of the five types is shown in Table 9-2. The 7400 quad 
two-input NAND is used for comparison purposes. 

As can be seen in Table 9-2, the LS series offers an advantage when 
considering the overall requirements of speed, power consumption, and fan- 
out. Because of this, the LS series is very popular. Since the price of an 
integrated circuit, after being in production a while, is greatly influenced by 
quantity, the LS is often obtained at lower prices than other types, further 
enhancing its demand. 


9-1.2 The Open Collector 


The TTL gates discussed so far have totem-pole outputs which consist of both 
source and sink drivers Q; and Q,. Some gates only include the sink driver QO, 
and are appropriately called open-collector gates. The source driver is re- 
placed by an external pull-up resistor connected to the source voltage external 
to the chip. An example is shown in Fig. 9-3. 

The resistor controls the source current and can be tailor made to furnish 
the desired current for a particular situation. In driving LOW, the output 
driver Q, has to sink the resistor current reducing the total Jo, available for 
fan-out to other gates. 


9-1.2.1 Electrical Specifications 


The electrical specifications for several open-collector NAND gates are shown 
in Appendix 9-1. They include 
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Vo C Voc 
Bac 
. pull-up 
registor 
R, R, ) ) 
| | 
| | 
. | \ 
Q, Q, : | 


> 


+> To loads 


--<--b enaee 
rO, ¢ 


a 
| =i 
< 
° 
= 


Fig. 9-3 Open-collector and external pull-up resistor—standard two-input NAND 
gate. 


54/7401 quad 2-input positive NAND. 
54/7403 quad 2-input positive NOR. 
54/7405 hex inverters. 

54/7412 triple 3-input positive NAND. 
54/7422 dual 4-input positive NAND. 


These specifications are very similar to those for the corresponding circuits 
with totem pole outputs (Appendixes 8-4 and 8-5) except for Voy, Ion, and 
tty. The absence of the collector resistor makes these exceptions under- 
standable. | 

The minimum value of the high-level output voltage is hard to predict 
because it depends upon the value of the pull-up resistor. Only the maximum 
level can be predicted. If the high-level loading is Mente and the pull-up resistor 
small, Vo, can approach the supply voltage. 

The [oy of the open-collector gate is not a source current as in the case 
of the totem pole. It is the leakage current of the sink driver which is OFF 
when the output level is HIGH. Notice that this current is positive. This means 
it is flowing into the chip as is Jo,. Joy for a totem pole output is negative and 
flows out from the chip. : 

tpru for the open collector is measured with a 4K pull-up resistor. With 
this value the delay is about two to three times as long as for the corresponding 
totem pole gate. Of course the ¢,;4 can be improved with a lower value of 
resistance but at the expense of fan-out current. 
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Example 9-1 


a. Using the 7401, select a pull-up resistor which will provide a source 
current and Vo;, comparable to 7400. 

b. Using this resistor, what current is available to fan-out and drive other 
gates? 

c. How many 7401s can be driven? 


Solution 


a. The 7400 will provide a maximum source current Joy of 400 wA with 
a minimum voltage level Voy of 2.4 V. The source or pull-up condi- 
tions for the open-collector circuit with attached external resistor are 
shown in Fig. 9-3 with dashed lines. For the 7401, Joy 1s 250 wA. The 

- nominal Vec is 5 V. 


= Voc _ Von 
[ OH 7 date 


_ 2» VA24V 
250 pA + 400 pA 


26 
0.65 mA 


Ry, 


= 4K 


A 4K pull-up resistor can be used to simulate the effect of a totem 
pole source driver. 

b. The sink conditions are shown in Fig. 9-3 with a light solid line. For 
the maximum allowable Vo, of 0.4 V, the resistor current is 


5 — 0.4 
4K 


Since Ip, of the 7401 is 16 mA, 
16 — 1.15 = 14.85 mA 


is available to drive gates on the output line. 
c. J, of the 7401 is 1.6 mA maximum: 


14.85 _ 
16° 


Nine gates can be driven by the available current. The 4K pull-up 
resistor has decreased the fan-out by one gate. Looking at it another 
way, the 4K resistor is assuming the position of one unit load. 





De 


Example 9-2. What are the advantages and disadvantages of increasing R.xt? 
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Solution 


Advantage—The resistor draws less current when driving to the low 
level, making more sink current available for fan-out. 


Disadvantage—The increased voltage drop across the resistor when 
driving HIGH limits the amount of source current that can be supplied. 


Example 9-3. What are the advantages and disadvantages of decreasing R.x;') 
Solution 


Advantage—The decreased voltage drop across the resistor when driv- 
ing HIGH allows more source current to be supplied. 


Disadvantage—The resistor draws more current when being driven 
LOW, reducing the amount of sink current available for fan-out. 


9-1.2.2 Applications 


The main application of the open-collector gate is to allow formation of the 
wire-AND to be discussed in the next section. 

Also, since the pull-up resistor bias does not have to be restricted to Voc, 
it can be raised to a higher voltage to enable interface to a system employing 
voltage swings like CMOS. 

In addition, the open-collector is useful for driving an individual load 
like an LED or relay which requires no applied high level. Examples are 
shown in Fig. 9-4. 


i cc 


~ 


(a) (db) 
Fig. 9-4 Open-collector gate driving loads. (a) LED. (b) Relay. 
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Fig. 9-5 Wire-AND. (a) Block diagram. (b) Output circuitry. 


9-1.3 The Wire-AND 


The wire-AND is a gate formed by the junction of wires from open-collector 
outputs. A wire-AND using two 7401 gates is shown in Fig. 9-5. The AND is 
actually performed by the junction. The gate symbol is drawn around the 
junction to demonstrate its logic significance. 


9-1.3.1 Logic 


If either gate 1 or gate 2 has a low output, it will sink the resistor and drive the 
junction LOW. The logic function of the junction is therefore 


LOW, or LOW, > LOWgnction? 


If both gates have the conditions for a HIGH output, the junction will be 
raised to a high level via the pull-up resistor. Here the logic function is 


HIGH, and HIGH, ae HIG Hyunction 


>From this standpoint the junction is a negative OR gate which is the counterpart of a 
positive AND. (See Sec. 8-5.) 
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Putting the above logic functions in a truth table, we obtain 


Gate 1 Out Gate 2 Out Junction 


mao 
am ae 
Sill all wall 


This is the truth table of an AND gate. 
9-1.3.2 NAND Connection 


Combining the logic of the NAND gates with the wire-AND, we have the 
following functions: 


Vor = AB + CD (9-1) 
Vout = (A + B)-(C + D) (9-2) 


Equation (9-1) means that, if either NAND gate is driven LOW by having 
both of its inputs HIGH, the output junction will be LOW. Equation (9-2) says 
that both NAND gates must have at least one input LOW to allow the junction 
to be pulled up to a HIGH level by the external resistor. 


9-1.3.3 Expansion 


The open collectors of additional gates can be tied into the junction to expand 
the fan-in of the wire-AND. In Fig. 9-5 the collector bus can be extended and 
additional collectors connected. The limit is determined by the voltage drop 
caused by the total source and collector leakage currents flowing through the 
pull-up resistor. 


Vou = Veco - (Nin + nl on) Rext (9-3) 


where WN is the number of gate input loads on the output line and n is the 
number of open collectors tied to the junction. Since logically it only takes one 
NAND to drive the entire junction LOW, that collector has to sink all currents 
coming into the junction. The available current to do this is the Jj, of the 
driver. This is 16 mA for a standard gate. 


Example 9-4 Ifthe output of a wire-AND is to fan-out and drive eight gates, 
what is the maximum number of gates which can be fanned-in to the junction? 
Use the 7412 for all gates. Assume a Vo, and Vo, of 0.4 and 2.4, respectively. 
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Solution The 7412 has the same electrical characteristics as the 7401. I>, = 16 
mA, Lin = 40 pA, Loy = 250 pA, [7, = 1.6 mA. The connection is shown in Fig. 
9-6. Since it is possible for only one driving gate to be ON, the maximum Io, 
is 16 mA. The available current for sinking the resistor is 


Tor — NI, = 16 — (8 X 1.6) =3.2 mA 
The pull-up resistor cannot be less than 


Vcc— Vor _ 5-0.4 


Ket 3 mA 3.2 mA 





= 1.43K (use 1.5K). Transposing Eq. (9-3), 


(nI ont Nz) Rext = Voc — Vou 
(n250 pA + (8 x 40) pA)1.5K =5 — 2.4 
(n250 wA + (8 Xx 40) wA) = (5 _ 2.4)/1.5K = 1.73 mA 
n250 pA = 1.73 mA — 320 pA = 1410 pA 
n =5.64 


Five open-collector gates can be fanned-in or tied to the junction. 


V 


Fan-in (n gates) Fan-out (N gates) 


Fig. 9-6 Fan-in and fan-out of wire-AND. 
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Example 9-5 If the fan-out in Example 9-4 were increased, what would be the 
effect on the number of gates which could be fanned-in to the wire-AND 
junction? 


Solution Ifthe fan-out increases, less sink current is available for the pull-up 
resistor. Therefore, this resistor has to be increased to maintain the Vo, level. 
If the pull-up resistor is increased, it cannot pass as much current and still 
maintain the Vo, level. This means the collector leakage Io, has to be less, 
thus reducing the number of gates which can be fanned-in to the junction. 

With the wire-AND an increase in fan-out causes a decrease in fan-in and 
vice-versa. As a result, where loading is light, large fan-ins are available. This 
happens in random access memory (RAM) where the corresponding bit out- 
puts of each address are tied together to avoid the construction of large OR 
gates. These are called OR-ties in the memory when the outputs are active 
LOW. With active LOW signals a positive- AND becomes a negative-OR 
(refer to Sec. 8-5). 


9-1.3.4 Other Inputs 


Wired connections are not restricted to NAND gates. Open-collector inverter, 
AND, and NOR outputs can also be connected to a common junction. Figure 
9-7 shows the wire connection of these gates in block form and the correspond- 
ing logic output equation. 

In Fig. 9-7(a) it takes a LOW on the inputs of each inverter to get a 
HIGH out of the junction. Conversely, a HIGH on any input will cause a 
LOW output. The combination therefore performs a NOR function. 

With AND gates connected as in Fig. 9-7(b), the output of each AND 
gate must be HIGH to get a high-level output from the junction. That means 
all the inputs, A through F', must be HIGH. This combination results in a 
six-input AND and readily lends itself to additional fan-in. 

When open-collector NOR gates are tied together [Fig. 9-7(c)] the result 
is an expanded NOR. Since each NOR gate needs both inputs LOW to get a 
HIGH out, A through F must therefore be all LOW to get a high level from 
the junction. A high level on any input will turn on the respective output driver 
and bring the junction LOW. 


9-1.4 The TTL NOR 


It is not difficult to obtain other gate types from the basic NAND structure. 
To do this it is helpful to break down the basic gate into sections. Let us do 
that with Fig. 9-1. 
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cc 


L Ly (4A:B)(C+D) (EF) 


—A-B-C:D°E*F 
Rae exe} 





(a) E 


(b) 


(A*B)*(C*D):(E°F)= 
(A+B):(C+D):(E+F)= 
(A+B)+(C+D)+(E+F) 











(c) 


Fig. 9-7 Wire-AND of various gates. (a) Inverters. (b) AND gates. (c) NOR gates. 
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Transistor Q, functions as a positive AND gate. 


Transistor Q> is essentially a phase splitter:* the emitter output is in 
phase with the input; the collector output is inverted. 


Transistor Q; is an emitter follower which is driven from the inverted 
output of Q, and provides source current Ioy. 


Transistor Q, is a driver which inverts the in-phase output from the 
emitter of Q, and furnishes sink current [o;. 


Both paths to the totem pole drivers go through an AND, an emitter follower, 
and an inverting stage. This results in a NAND. If the multiemitter input 
transistor has only one input, Q, cannot function as an AND, so the entire 
circuit is simply an inverter. 


9-1.4.1 Formulation of NOR Gate 


Figure 9-7(a) shows a NOR gate made by tying the open-collector outputs of 
inverters to a common bus. In the TTL NOR chip the busing is internal. 
Figure 9-8 shows the construction of the 7402 NOR gate. Note that each input 
follows a unique path through a separate input transistor (with one emitter) 
to a separate phase splitter. The phase splitter outputs are connected to 
buses—one for emitters and the other for collectors. The collector bus pro- 
vides input to the source emitter follower while the emitter bus feeds the sink 
driver. Logically the busing of the phase splitters is equivalent to the tying of 
inverter outputs—hence the NOR function. 

The fan-in of the NOR gate can be increased by tying additional phase 
splitters to the collector and emitter buses. Examples of NOR chips include: 


54/7402 quadruple 2-input. 

54/7427 triple 3-input. 

54/7425 dual 4-input with strobe. 

54/7433 quadruple 2-input NOR buffers with open-collector outputs. 


9-1.4.2 Operation 


When input A in Fig. 9-8 is made HIGH, the base voltage of Q, goes up. This 
action causes Q>, to turn on since the base-collector junctions of the input 
transistors are always forward biased. Q,, then puts current on the emitter bus 


*The phase splitter actually is an amplifier circuit. However, in appearance it closely 
resembles the Q, stage of the TTL NAND gate. Admittedly, phase splitting is not language used 
to describe a digital function. However, since there is no generic name for this circuit structure 
in a digital application, the borrowed term is the best available means of identification. 
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Fig. 9-8 Two-input NOR (7402). 


turning on Q,. The current through R, lowers the voltage of the collector bus 
turning Q; OFF. With Q, ON and Q; OFF, the output voltage of the gate is 
LOW. When input B is HIGH, the operation is the same with Q2, ON instead 


of O24. 
When both inputs are LOW, the respective base voltages of Q,, and Qi, 


are pulled down. This results in a potential across the base-emitter junctions 
of Q24, Q2z, and Q, that is insufficient to produce current flow. These transis- 
tors then go OFF. With Q., and Q2.,; OFF, the collector bus goes HIGH 
turning on Q3. Since Q; is ON and Q, OFF, the output voltage goes HIGH. 


Summarizing: 


When A or B are HIGH, the output goes LOW. 
When A and B are LOW, the output goes HIGH. 


These, of course, are the requirements of a NOR gate. 
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(a) 
Fig. 9-9 Strobed NOR. (a) Input stages. (b) Block diagram. 


9-1.4.3 The Strobed NOR 


Since the input transistor of a TTL gate is generally constructed with more 
than one emitter, the NOR gate can be readily modified. Figure 9-9 shows a 
NOR gate where emitters are added to each input transistor and then tied 
together to form a strobe.” 

As mentioned before, the Q, input transistors operate like an AND gate. 
Therefore, when the strobe is LOW, the input levels A and B have no effect. 
The strobed NOR gate is disabled with the output HIGH.° 


° The strobe is a timing pulse. 
°L-L— H. 
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When the STROBE is HIGH, the input circuits are opened allowing the 
gate to perform the NOR function. The 7425 is an example of a strobed NOR 
with dual 4-inputs. 


9-1.4.4 AND-OR-INVERT 


The additional input emitters on a NOR gate do not have to be tied together 
and strobed. They can go out to separate inputs as in Fig. 9-10. Since the Q; 
transistors form an AND gate and the busing of the phase splitters forms a 
NOR, the combination is an AND-NOR more commonly knows as AND- 
OR-INVERT. 

Just as the NOR gate can have several inputs, the AND-OR-INVERT 
can have several AND gates.’ In naming the gate the term wide is used to 
designate the number of ANDs fanning into the NOR. 





A,o 
A, oO 

\ LS 

] 

B, a A, 
B.o 
2 R, 

ND ' 


(a) (b) 
Fig. 9-10 Two-wide two-input AND-OR-INVERT. (a) Input stages. (b) block diagram. 


’The number of AND gates is generally limited by the availability of input terminals. 
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Some examples of AND-OR-INVERT gates are 


54/7451—dual 2-wide 2-input; 
54/7454—4-wide 2-input 
54/7464—4-2-3-2-input 


The latter gate is four-wide with the AND gates having a different fan-in. 

The two-wide two-input AND-OR-INVERT has a very useful purpose. 
Assume in Fig. 9-10(b) that two sources of input data are connected at inputs 
A, and B,. Also assume that opposite levels are applied to A, and B,. In other 
words, if A, is HIGH, B, is LOW and vice versa. As a result of these condi- 
tions: 


1. If A, is HIGH and B, is LOW, data will flow from A, to the output. 
2. If A, is LOW and B, is HIGH, data will flow from B, to the output. 


This gives the circuit the ability to select one of two inputs and transfer the 
associated information to the output much like the transfer contact of a relay. 


9-1.4.5 Electrical Characteristics 


Having the same input and output circuitry as the NAND and the same 
number of stages, the NOR and AND-OR-INVERT circuits do not differ 
appreciably from the NAND gate in input-output current, voltage levels, and 
propagation delay except for the following: 


The strobe terminal, being connected to more than one input emitter, 
draws current in proportion to the number of emitter connections. 


The strobed NOR has about 60% more Joy because the values of R, and 
R; are lower. 


The low-power AND-OR-INVERT has a longer propagation delay. 


The power consumption is a function of the number of transistors. As a result, 
the two-input NOR gate draws about 33% more power than a NAND gate. 
The power consumption of the NOR gate also increases noticeably with the 
fan-in. Likewise, the power consumption of the AND-OR-INVERT circuit 
increases with the gate width. 


9-1.5 Expansion 
Sometimes a fan-in is desired that is greater than that available with a single 


gate. Figure 9-7 shows several means of expanding fan-in with an open- 
collector output. NOR and AND-OR-INVERT gates with totem pole outputs 
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can also be expanded by making the gate expandable and attaching a separate 
expander chip. 


9-1.5.1 The Expandable Gate 


The NOR or AND-OR-INVERT circuit can be made expandable by bringing 
the emitter and collector buses of the Q, transistors out of the chip. This is 
exhibited in Fig. 9-11. The emitter bus is the X line and is identified with an 
arrow in the block diagram. The collector bus, containing the inverted output 
from the phase splitter, is the X line and is identified by the bubble. Various 
expandable gates are 


54/7423—Expandable dual 4-input NOR with strobe. 
54/7452—Expandable 4-wide AND-OR. 
54/7453—Expandable 4-wide AND-OR-INVERT. 


9-1.5.2 The Expander 
When taken alone, the front part of a standard NAND gate will function as 


an expander. It consists of the multiemitter input circuit and the phase splitter 
transistor Q). It externally connects to the emitter and collector buses of the 


Out 





(b) 


(a) 
Fig. 9-11. Expandable NOR gate. (a) Expansion circuitry. (b) block diagram. 
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(b) 
Fig. 9-12 Four-input expander (7460). (a) Schematic. (b) Block diagram. 


expandable gate. A schematic and block diagram are drawn in Fig. 9-12. Note 
the use of the AND symbol. A resistor connected to the collector of Q, is 
necessary to complete the inversion, and that component is in the expandable 
gate along with the emitter resistor. The bubble and arrow have the same 
meaning as in Fig. 9-11. 

The connection of two expanders to the expandable gate can be visual- 
ized using Figs. 9-11 and 9-12. The resulting logic diagram is shown in Fig. 
9-13. 

The 54/7460 dual 4-input is a basic expander and similar to the type used 
in Figs. 9-12 and 9-13. The expander can include multiple phase-splitter tran- 
sistors connected to X and X buses within the expander chip itself. This also 
enables an AND-OR expander like the 54/74H62N which is 4-wide with 
2-3-3-2 inputs. 


Example 9-6 


a. Expand the 7423 expandable dual 4-input NOR with strobe to a 
6-input NOR using the required number of 7460 expanders. 

b. How many unused inputs are there? What should be done with them? 

c. How many chips are required? | 
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Fig. 9-13. Connection of expander and expandable NOR gate. 
Out=A+B+C:-D-E-F+G:H-l-J. 


d. What level should be applied to the STROBE to allow the NOR to 
operate? What would happen if the STROBE were the opposite 
level? | 

e. What would be the logic equation if all the inputs were available? 


Solution 


a. The 6-input NOR will require two each 7460 expanders connected to 
the X and_X lines from the expandable 7423. The connection is shown 
in Fig. 9-14. The six NOR inputs are extended. The other inputs are 
unused. 





Fig. 9-14. 
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b. There are six unused inputs (Ff, G, H, J, K, and L). They should be 
tied HIGH as recommended in Sec. 8-14. 

c. The 7460 expander is a dual unit. The combination will take one each 
7423 and 7460. 

d. The STROBE must be HIGH to allow the 6-input NOR to function. 
If LOW, the inputs to the 7423 will be shut off. However, the inputs 
to the expander will still be operative and a two-input NOR will 
result. 

e. If all inputs are available, none tied to HIGH, 


Out=A+B+C+D+(E-F-G-H)+(I-J:K:L) 


9-1.6 The TTL AND 
9-1.6.1 Formation 


The basic TTL gate is a NAND. From this structure it is logical to create an 
AND by the insertion of an inverting stage. This is done in Fig. 9-15. Compare 
Fig. 9-15 with Fig. 9-1. Note a standard NAND gate would result if the 
collector of QO; were connected directly to the base of Q). In fact, R, through 
R, are identical for the two circuits. The values are in Table 9-1. The inverting 
stage is between the dashed lines. The transistors are identified as Q,) and O,, 
so as not to repeat subscripts of transistors in other circuits. 





Fig. 9-15 TTL AND gate (7408). 
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QO, is ina phase-splitter circuit like Q,. The base-emitter load of Q,, 
makes the collector circuit of Q; compatible with that of the NAND gate. 
Compare the base-emitter arrangement of Qj) and Q,, to that of Q, and Q,. 
In addition, Q; is driven in phase with Qj. By reinforcing the current through 
the 2K resistor, Q,, boosts the voltage swing of the Q,) collector. This hastens 
the turning on and off of Q,. The diode D,) between Q,) and Q, provides an 
additional voltage drop to further aid the cutoff of Q). 


9-1.6.2 Operation 


When both inputs go HIGH, the base of Q, follows, and Q,, is switched ON 
as the R, current is diverted from the input to the base of Qo. With Q1) ON, 
the collector voltage goes LOW and turns off Q,. When Q, is not conducting, 
there is no current available to turn on driver Q,. At the same time the 
collector of Q, goes HIGH, driving the output HIGH through emitter follower 


Q3. 

If either input is LOW, the base of Q, is brought LOW to maintain the 
Ve drop of the forward-biased junction. This reduces the base current of O19 
to an insignificant amount, so Qi) goes OFF. When Q,) is OFF, its collector 
voltage goes HIGH and turns on Q,. When Q; is ON, its collector goes LOW 
and shuts off Q;. Also, driver Q, receives current from Q, and turns on, 
pulling the output LOW. 


Summarizing: 


When A and B are HIGH, the output is HIGH. 
When A or B are LOW, the output is LOW. 


This is the condition for an AND. 
9-1.6.3 Types and Electric Characteristics 


The TTL AND gates have several fan-ins, two of which are available with 
open-collector outputs. Various types are: 


54/7408 quadruple 2-input. 

54/7409 quadruple 2-input with open-collector outputs. 
54/7411 triple 3-input. 

54/7415 triple 3-input with open-collector outputs. 
54/7421 dual 4-input. 


All the above types are available with LS construction. There are no L types, 
while the standard S and H varieties are limited in selection. 
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Since there is the extra stage for inversion, the propagation delays run 
about 20% to 50% higher than those for a NAND, depending upon the speed 
and power. Also, the power consumption runs close to double the amount for 
a NAND. This is also to be expected because of the additional transistors. 

Voltages and currents are compatible with the corresponding NAND 
except for Igy which is 800 wA for the standard circuit. 


9-1.7 The TTL OR 


9-1.7.1 Formation 


An OR gate can be obtained by inserting an inverting stage into the NOR 
circuit. Compare the OR in Fig. 9-16 with Fig. 9-8. The inverting stage is 
between the dashed lines. Aside from that, the two circuits are nearly 
identical. 

Compare the inverting stage with that of the AND gate (Fig. 9-15). The 
difference is primarily in the transposition of transistors Q;) and Q). As in the 


In Ac 


In Bo 





Fig. 9-16 TTL OR gate (7432). 
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case of the AND, the base-emitter junction of Q,; puts the customary load on 
the collector of Q,. The resistors in the Q,) circuit are identical with R, and R, 
of the standard gate, making this circuit compatible with phase splitters driv- 
ing totem poles in other standard gates. In other words the input transistors 
work into the same circuits and the totem pole is driven from the same circuit 
regardless of whether the gate is a NAND, NOR, AND, or OR. 

By pulling additional current through the 2.5K resistor, Q,, increases the 
voltage swing at the Q, collectors while diode D,) provides an additional drop 
to facilitate the turn on and off of Qi). This action is the same as that in the 
AND gate with Q, and Qy) reversed. 


9-1.7.2 Operation 


Since the circuitry prior to the inverting stage is identical to that of a NOR, 
the operation is the same. Therefore, a HIGH input on either A or B will 
cause one of the Q, transistors to turn on, lowering the voltage on the collector 
bus. This action turns off Qio, enabling Q3 to be driven by the base current 
through R,. Since Qi) is OFF, Q, has no input current. With Q; ON and Q, 
OFF, the output is HIGH. 

With both inputs LOW, there is no base current to either Q, transistor. 
As a result, the collector bus goes HIGH and Q,) is turned on with base 
current through the 2.5K resistor. This causes the collector of Q1, to drop 
shutting off Q;. At the same time, Q,) furnishes current to Q, which drives 
LOW. 

Summarizing: 


When A or B are HIGH, the output is HIGH. 
When A and B are LOW, the output is LOW. 


This is the requirement for an OR. 
9-1.7.3 Types and Electrical Characteristics 


Types are limited to the 54/7432 and 54/74LS32, which are quadruple two- 
input with totem pole outputs. 

Voltages and currents, like the AND gate, are compatible with the 
corresponding NAND except for the 800-wA Joy. 

Having an extra stage for inversion like the AND gate, the propagation 
delays average about 33% to 50% higher than those of the comparable NAND 
gate. Since the power consumption is a function of the number of internal 
transistors, it is higher for the OR gate than any of the previous types dis- 
cussed and runs more than twice that of the comparable NAND. 
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9-1.8 The TTL AND-OR 


Since the input construction of the OR gate is identical to that of the NOR 
gate, additional emitters can be added to the input transistor to form AND- 
OR circuits in the same way the NOR is converted to AND-OR-INVERT. 
The 54/7452 is a 4-wide expandable AND-OR with 2-2-2-3 inputs. 

The 54/7452 has a unique internal construction. Instead of using phase 
splitters that are tied together on both collector and emitter lines, there is only 
one common line. This enables expansion with only one connection. The 
expansion of the 7452 using the 7461 triple-three expander is shown in Fig. 
9-17. 


9-1.9 Three-State Output 
Gates and inverters discussed so far have two output conditions—HIGH and 
LOW. When HIGH, driver Q; supplies source current; when LOW, driver Q, 
draws sink current from the applied loads. In addition to the above, some 


gates have another state in which both drivers are OFF. When OFF, only 
leakage current flows through the output terminal. 


7452 
expandable 
AND —OR 


| 
| 
| 
| 
| 
} > Out | 
| 
| 
| 
| 


7461 expander 


Fig. 9-17, AND-OR expansion. | 


CHAPTER 9 





9-1 TTL (Transistor-Transistor Logic) 359 


on/off 





Fig. 9-18 Two-way transmission. 


9-1.9.1 Purpose 


When two units are communicating with each other, it is economical to use the 
same line for transmission in either direction. A means for doing this with 
conventional two-state gates is demonstrated in Fig. 9-18. The nomenclature 
of the gates is as follows: 


7T,— station 1 transmitting gate. 
R,—Station 1 receiving gate. 
7,— Station 2 transmitting gate. 
R,—Station 2 receiving gate. 


The ON/OFF inputs control the direction of transmission. This is either 
from 7, to R,, as indicated by the path of the solid arrow, or from T, to R, 
following the dashed arrow. In either case the output circuit of the inactive 
transmitting gate loads the active driver. 

The loading presented by the inactive transmitting gate is shown in Fig. 
9-19. The inactive circuit is trying to drive HIGH with the source driver ON. 
The source current flows into the sink driver of the active transmitting gate. 
This current is only limited by R3 which is 130 .° Not only is this current 
appreciable but adds up if several transmit-receive stations are multiplexed 
onto the line. 

The loading can be alleviated considerably by using open-collector out- 
puts. However, even in this case the active driver must furnish additional 
current to “sink’”’ the resistor (refer to Example 9-1). 

It is in an environment like this that the three-state gate shows its advan- 
tage. With the versatility of an OFF state, in which both drivers of an inactive 
stage present a high impedance to the line, the active driver is free to supply 
its available current to receiving gates only. 


®Standard NAND gate assumed. 
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Fig. 9-19 Loading effect of two-state inactive transmitting gate. 


9-1.9.2 Circuit Operation 


Figure 9-20 is a gate with three-state totem pole outputs.’ Compare this 
diagram with Fig. 9-15. Note that it is basically an AND gate with connections 
to the output of an inverter which is embodied in the same chip. Data come 
into one leg of the AND input and leave the output terminal noninverted 
when the gate is enabled. The control signal operates the inverter and when 
HIGH causes the inverter output to go LOW and to shut down the entire 
circuit. Since the circuit can be switched ON and OFF it quahitves as a gate 
even though the fan-in is only one. 

The output of the inverter goes to the second leg of the AND gate input 
Q, plus the cathodes of diodes D,,; and D,.. When this output is LOW, due to 


* Figure 9-20 is the circuit of a 74125 bus buffer gate slightly modified. In the actual circuit 
there is an additional emitter follower between Q, and Q; while diodes D,) and D,, are the two 
junctions of a transistor. There is also another emitter on Q, which is connected to the collector 
of Q, . The circuit in the figure is modified to facilitate understanding. 
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Fig. 9-20 Three-state gate (74125). 


a high level on the control input, the base of Q, goes LOW and Q,y is cut off. 
Normally, under these circumstances the collector heads positive. However, 
the low voltage on the cathode of D,, causes this diode to switch ON and hold 
the collector of Qi) LOW. Instead of supplying base current for Q>, the current 
through the collector resistor is diverted to the low-level inverter. With Q, 
failing to conduct, driver Q, cannot turn on. 

To prevent Q; from turning on when Q, goes OFF, diode D,, switches 
forward and holds the collector of Q, at the low level of the inverter output. 
This diverts current away from the base of Q3, preventing its conduction. As 
a result of the above action, all the transistors in the AND gate are OFF. With 
the source and sink drivers both OFF, there is no possibility of loading a line 
activated by another driver. 

The gate transmits when the inverter input is LOW so that its output goes 
HIGH. This takes the low level off the respective emitter of Q; and also 
reverse biases diodes D,, and Dj, disconnecting them from the circuit, when 
Q,) or Q, are turned ON. 


9-1.9.3 Application 


The logic symbol of the three-state gate is in Fig. 9-21. Active LOW, control, 
as shown in Fig. 9-21(a), is indicated by the bubble on the control line. This 
means the gate will transmit when the control line is LOW. The 74125, 
represented by Fig. 9-20, is active LOW because of the inverter in the control 
input. 
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Control Control 


(a) (b) 


Fig. 9-21 Symbol—three-state gate. (a) Enabled when control is LOW. (b) Enabled 
when control is HIGH. 


The 74126 has an additional stage in the interior control circuitry which 
eliminates the inversion. This circuit is active HIGH and shown in Fig. 
9-21(b). Note the absence of a bubble on the control line. 

Figure 9-22 shows three transmit-receive stations multiplexed onto a 
single line. The three-state drivers are the transmitters and are activated by 
low levels on the control line. The receiving NAND gates are enabled by 
HIGH inputs. It is possible to communicate in either direction between any 
two stations. In the figure there is transmission from station 3 to station 1. Due 
to the negligible leakage current drawn by the transmitters in the OFF state, 
the fan-out of the active driver is almost entirely determined by the input 
currents of the receiving NAND gates. 


9-1.9.4 Electrical Characteristics 


The electrical properties of the 74125 and 74126 three-state buffer gates are 
shown in Appendix 9-2:"The OFF state current is called Jot) and is only 40 








> ». | paw |S 


Station 1 Station 2 Station 3 


Fig. 9-22 Multiplexed transmit-receive stations using three-state buffers. 
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A, the same as Jjy. The input and output currents are the same as those for 
the standard NAND gate except for the Ipq source current which is 5.2 mA. 


This current has to be much higher because the three-state buffer gate, in 
driving a line to a number of transmit-receive stations, has to charge a consid- 
erable amount of capacitance. 

The propagation delay, compared to the NAND, is a little less going 
from LOW to HIGH and a little greater in going from HIGH to LOW. Notice 
in the appendix that there are delays before the enabling and disabling con- 
trols can take effect referred to as tzy, tz, tyz, and trz. 

The 74125 and 74126 are standard only. A 12-input NAND with three- 
state outputs is available in the S type only. 


9-1.10 Buffers 


A buffer is a circuit designed to meet a particular electrical requirement 
without necessarily performing a specific logic function. 

Some applications require drive currents in excess of the usual values of 
[oz and Ipy. A particular example is that of a CLOCK driver. The CLOCK is 
one of the inputs of a flip-flop (see Sec. 10-5.2) and generally has an J, greater 
than that of a gate. Since a large number of flip-flops have to be CLOCKed 
simultaneously, the driver current requirements are large. Also, the number 
of interconnections to the various CLOCK inputs increases the line capaci- 
tance requiring further current to maintain rise time. The CLOCK driver is a 
buffer which is connected to the CLOCK generator and boosts the current 
capacity of the CLOCK pulse. 


Example 9-7 The CLOCK terminal of a flip-flop has an J, of 3.2 mA. What 
Io, is required of a CLOCK driver which drives 12 of these flop-flops? Will any 
of the gates in Table 9-2 do the job? 


Solution The /o,; requirement of the driver is 12 xX 3.2 = 38.4 mA 


Of the gates in Table 9-2, the S and H types have an Io, capacity of 20 mA each 
which is far short. 


The buffer gate has lower-valued internal resistors and can furnish 
greater drive current at the expense of power consumption. The drive capabil- 
ities and current consumption of some available buffers are shown in Table 
9-3. The increased output current can be obtained with a small increase in 
propagation delay. 

Companion circuits are made to specifically drive a 50-0/75- line. 
These have the Jo, capabilities of a buffer and comparable Jo,. For example, 
the 748140 is a 4-input NAND with Jo, = 60 mA and Joy = 40 mA. 
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TABLE 9-3 Buffer Drive Capability.“ 


Icc per gate 


Logic Tor lou (mA) 

Type Function (mA) (mA) at 25°C Output 
7428 2-input NOR 48 2.4 5.63 Totem pole 
74LS28 2-input NOR 24 1.2 1.09 Totem pole 
7437 2-input NAND 48 1.2 5.38 Totem pole 
7440 4-input NAND 48 12 3.25 Totem pole 
74H40 = =4-input NAND 60 13 8.85 Totem pole 
74S40 4-input NAND 60 3.0 4.38 Totem pole 
7433 2-input NOR 48 = 3,03 Open collector 
7438 2-input NAND 48 — 4.88 Open collector 
74LS38  2-input NAND 24 — 0.86 Open collector 


“Information from The TTL Data Book, Texas Instruments. 


9-1.11 Interface—TTL to CMOS 


As mentioned previously, the pull-up resistor of an open-collector output does 
not have to be tied to Vcc. It can be connected to any voltage within the BVczo 
(breakdown voltage) of the driver transistor. This enables gate types which 
can attain a much higher Vo, than the general rating. The higher Voy can be 
accomplished without increasing Voz, giving the gate the ability to interface 
other systems with greater voltage swings. To add versatility, these gates, 
appropriately called interface gates, can provide Jo, equivalent to that of a 
buffer. Table 9-4 gives some significant data for interface gates. 


Example 9-8 


a. How may a TTL output be interfaced with a CMOS B-series inverter 
with a Vpp of 15 V? 





TABLE 9-4 Interface Buffers.° 


Icc per gate 
Vormax). Voxcmax) Tox ( mA ) 
Type Function (V) (V) (mA) at 25°C 
7406 Inverter 30 0.7 40 5.17 
7407 Buffer (noninv.) 30 0.7 40 4.17 
7426 2-input NAND 15 0.4 16 2.00 


“Information from The TTL Data Book, Texas Instruments. 
> Voy can approach the supply voltage (Sec. 9-1.2a). 
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b. Determine the value of the external pull-up resistor. 
c. What is the noise margin of the interface connection? 


Solution 


a. From Table 7-1, the input levels for a buffered B-series circuit with 
Vop = 15 V are: Viz=11.0 V min and V,, = 4.0 V max. The TTL 
output should be from an interface gate. Of those mentioned above, 
the 7426 will provide the necessary voltage swing with least current 
consumption. See connection in Fig. 9-23. 

b. Since the CMOS inverter draws negligible input current, the external 
pull-up resistor is selected to meet rise time requirements. Assume 
the interface gate drives a capacitance of 15 pF and a 100-nsec rise 
time is desired. 


t-=2.2RC Eq. (3-18), 


— 100x10° _ 
a 2.215 x 19-2 38 
With R = 3K, 
15—0.4 
Tox = ~~ ae = 4.87 mA 


which is about one-third the capacity of the gate. 


15 V 
Se 15 V 
7426 
interface 


gate 





CMOS 


inverter 


) 


Fig. 9-23 TTL interface with CMOS inverter (CMOS Vpp = 15 V). 
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c. The output driver of the 7426 has a leakage of 250 wA when turned 
off.’° This gives a Voy of 


15 V —0.25 mA X 3K = 14.25 V 
Therefore, the noise margins are 


14.25 -—11=3.25 V_ for the high level 
4.00 —0.4=3.6 V for the low level 


9-2 CMOS (COMPLEMENTARY MOS) 


The inverter is the heart of the CMOS digital circuit. Gates are obtained by 
simple modification of this basic structure. The operation of the CMOS in- 
verter is explained in Sec. 6-8 and shown in Fig. 6-27. 

Since CMOS systems can operate at different supply voltages, inter- 
facing is sometimes required between different voltage levels. Special buffers 
provide this along with the ability to interface other logic systems. 

The wire-AND is not as widely used as in TTL, but there is an open drain 
buffer which can be used for this purpose. 

Since CMOS circuits are made up entirely of p and n enhancement 
FETs, there is a chip composed of several isolated complementary transistors 
which can be wired into desired configurations by the user. 


9-2.1 NAND and NOR Gates 


NAND and NOR gates are obtained by adding series and parallel enhance- 
ment MOSFETs to the basic inverter as demonstrated in Fig. 9-24. The 
protective network is to protect the gate from static charges and other extra- 
neous voltages. See Sec. 6-7.5. 

An example of the input and output voltage levels is presented in Table 
7-1. As can be seen, the operating levels can be very close to Vpp and ground, 
differing by only 0.05 V. 

Let us review the operation of the complementary inverter in Fig. 
9-24(a) before examining the gates. 


When the input is HIGH (or = Vpp): 


Vos of the p-FET is zero, making the enhancement of a channel 
impossible. The p-FET is therefore OFF. 


At the same time, Vos of the m-FET is Vpp which enhances a 
channel. The n-FET is therefore ON. 


With the n-FET ON and the p-FET OFF, the output is within 0.05 
V of ground or LOW. 


® This is the [oy of an open-collector output. (See Sec. 9-1.2a.) 
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Fig. 9-24 CMOS NAND and NOR gates. (a) Inverter. (b) Two-input NAND. (c) Two- 
input NOR. (d) Protective network used in all series B and series UB inputs unless 
otherwise specified. 
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When the input is LOW (or ~ ground): 


Vos of the p-FET is —Vpp which enhances a channel. The p-FET 
is ON. 


Simultaneously, Vgs of the n-FET is zero. This will not enhance a 
channel so the n-FET is OFF. © 


With the p-FET ON and the n-FET OFF, the output is within 0.05 
V of Vpp or HIGH. 


Keeping this in mind let us now examine the gates. 
With the NAND connection, Fig. 9-24(b), a HIGH on both inputs will 
turn off the p-FETs and turn on the n-FETs resulting in a LOW output: 


H-H-L 


On the other hand a LOW on either input will turn on one p-FET and 
turn off one n-FET. Since the n-FETs are in series and the p-FETs are in 
parallel, the output drain connection will be disconnected from ground and 
connected to Vpp, resulting in a HIGH output: 


L+H-dH 


With the NOR gate, Fig. 9-24(c), it takes a LOW on both inputs to turn 
on the two p-FETs in series. This same LOW switches the parallel n-FETs 
OFF resulting in a HIGH output from the drain connection: 


L-L—-dHd 


A HIGH level on either input turns off one of the p-FETs while turning 
on one of the n-FETs. This breaks the series circuit and establishes a con- 
nection from the drain to ground through the ON parallel n-FET. The output, 
therefore, goes LOW: | 


H+Lo- L 


Unused Inputs. As with the TTL system, frequently a gate is available 
with fan-in capability higher than necessary. This gives rise to unused inputs. 
Section 8-14 mentions the vulnerability of unused inputs to noise. A CMOS 
circuit is particularly sensitive to noise since it has an extremely high input 
impedance. 

Unused inputs in CMOS should be connected to Vpp or Vss, the latter 
usually being at ground. Logically, this input should be in a position to enable 
the gate. That means an unused input should be connected HIGH (to Vpp) for 
a NAND gate and LOW (to Vss) for a NOR gate. 
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TABLE 9-5 B-Series Voltage Levels, Noise Margin, and Propagation Delay (at 25°C).* 


N O is e Vor (max) Von (min) LpLH lpHL 
Vop (Viznax) at Vo) (Virqminy at Vo) Margin at Vin=Vpp at Vin = ground typical typical 
; 1.5 4.5 3.5 0.5 1.0 0.05 4,95 125 125 
B 10 3.0 9.0 7.0 1.0 2.0 0.05 9.95 60 60 
15 4.0 13.5 11.0 1.5 2.5 0.05 14.95 45 45 
5 Lo 645 4.0 0.5 0.5 0.05 4.95 60 60 
UB 10 2.0 9.0 8.0 1.0 1.0 0.05 9.95 30 30 
15 2.5 13.5 12.5 iS 1.0 0.05 14.95 25 25 





*Data from COS/MOS Integrated Circuits, RCA. 


9-2.2 The B-Series 


The series expresses the electrical performance. The B series meets minimum 
standards for maximum ratings, along with static and AC electrical character- 
istics as set forth by the Joint Electron Devices Engineering Council 
(JEDEC). 

There are two variations of the B-series caused by differences in con- 
struction. They are designated by the suffixes B and UB. The UB stands for 
unbuffered, and the UB types contain the gate or inverter alone as shown in 
Fig. 9-24. The B types contain inverter buffers on both the input and the 
output. The addition of the buffers improves the noise margin” but, because 
of the extra stages between the input and the output, causes longer propaga- 
tion delays. Table 9-5 includes data supporting these statements. Most of this 
information is also in Table 7-1 but is presented again here for the readers 
convenience. To review the method used to derive noise margins in CMOS 
units, see Sec. 7-3.2. 

The UB types include the following: 


NOR gates 


4000UB, Dual 3-input plus a separate inverter 
4001UB, Quad 2-input 

4002UB, Dual 4-input 

4025UB, Triple 3-input 


NAND gates 


4011UB, Quad 2-input 
4012UB, Dual 4-input 
4023UB, Triple 3-input 


"As mentioned previously, a buffer provides a particular electrical feature without per- 
forming a logic function. The added stages provide a gain so that the same output levels may be 
obtained with a lower value of V,,, and a higher value of V;,. This in turn improves the noise 
margin. 
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The three- and four-input gates are achieved by increasing the number of 
transistors in the series and parallel combinations. 


Example 9-9 Construct a three-input UB NOR gate. 


Solution The gate will be constructed like Fig. 9-24(c) with three p-FETs in 
series and three n-FETs in parallel. 


The buffered units include AND and OR gates as well as NAND and 
NOR. Figure 9-25 shows the internal construction of the four gates with the 
appropriate Boolean expressions. Note that the NAND is central to the NOR 
gate and vice versa. 


Example 9-10 


a. Explain the construction of a buffered 4-input NOR gate. 
b. Convert a to a NAND gate. 
c. Obtain AND and OR gates from above. 


Solution 


a. Start with a 4-input NAND gate and put inverters in series with each 
input and the output. | 

b. Change the internal NAND gate to a NOR gate. 

c. Obtain AND by adding another inverter to the output of b. Obtain 
OR by adding another inverter to the output of a. 


The B-series also includes buffered 8-input NAND/AND and NOR/ 
OR gates. These circuits are constructed differently and the NOR/OR is 
shown in Fig. 9-26. The NAND/ AND is the same with the NAND and NOR 
gates interchanged. Since there are more stages between the input and output, 
the propagation delay is increased by about 25%. A summary of buffered 
gates is listed in Table 9-6. 

The currents for both the B and UB types are the same. These currents, 
for specified conditions at 25°C operation, are recorded in Table 9-7. 


TABLE 9-6 Buffered B-Series Gates. 
Inputs NOR OR NAND AND 


2 4001B 4071B 4011B 4081B 
3 4025B 4075B 4023B 4073B 
4 4002B 4072B 4012B 4082B 
8 4078B 4068B 
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Fig. 9-25 CMOS B-series (buffered) gates. (a) Two-input NOR. (b) Two-input NAND. 
(c) Two-input OR. (d) Two-input AND. 
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Fig. 9-26 Eight-input NOR/OR. 


The V,, condition represents the HIGH and LOW gate inputs. The sign 
indicates the direction of the current in relation to the output terminal. A 
negative sign indicates that the source current (conventional flow) is flowing 
out of the terminal. Sink current, flowing into the terminal, is positive. The 
input current is mainly leakage from the protective diode-resistor network. 

The ratio of output to input current is very high and enables a gate to 
have a tremendous fan-out.” This and the low current drain [pp are major 
advantages of CMOS circuitry. 


9-2.3 Three-State Buffers 


There are both inverting and noninverting buffers with three-state outputs. 
The logic block diagram of each circuit is contained in Fig. 9-27. The non- 


2 Ror discussion of fan-out see Sec. 8-12. 
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TABLE 9-7 B-Series Output and Supply Currents (at 25°C).* 


Conditions Current 
Quantity Vpp V; Vo Min Typical Max Unit 
10 0,10 0.01 0.5 
15 0,15 0.01 1.0 
Tor 5 0,5 0.4 0.51 1.0 mA 
10 0,10 0.5 1.3 2.6 
15 0,15 1.5 3.4 6.8 
lox 5 0, 5 4.6 —0.51 —1.0 mA 
5 0, 5 2.5 —1.6 —3.2 
10 0,10 9.5 —1.3 —2.6 
15 0,15 13.5 —3.4 —6.8 
La 18 0,18 100 nA 


“Partial listing from Table VI—RCA B-Series COS/ MOS Standardized Electrical 
Characteristics, COS/ MOS Integrated Circuits—RCA. 


inverting buffer is enabled by a LOW level on the DISABLE terminal. This 
puts a HIGH on the NAND gate and a LOW on the NOR gate, making both 
gates transmissive. A HIGH input will then be inverted and put low voltages 
levels on both gates of the output inverter driver. This will turn the p-FET ON 
and the n-FET OFF, making the output HIGH. A LOW input will reverse the 
conditions, putting high voltage levels on the driver inputs, yielding a LOW 
output. 

When the DISABLE input is HIGH, the NAND gate receives a low 
level from the first inverter while the NOR gate receives a high level from the 
second. This, regardless of the data input, puts a HIGH on the gate of the 
p-FET, and a low on the gate of the n-FET, making each V,; = 0. This action 
keeps both FETs OFF giving the output line a high impedance to both Vpp and 
ground. 

The three-state inverter / buffer is also enabled by a low DISABLE input. 
This makes the NOR gate transmissive unconditionally and the NAND gate 
transmissive when the INHIBIT input is LOW. The low INHIBIT input, after 
inversion, also enables the AND gate. Summarizing, low DISABLE and 
INHIBIT levels allow all three internal gates to transmit. The data, in going 
through the inverter and aforementioned gates, are inverted twice and appear 
at the gates of the drivers in phase with the input. The driver inverts again 
resulting in the net inversion of the input signal. 

The disabling of the three-state buffer works the same as the disabling 
of its noninverting counterpart. The high DISABLE input, through the in- 
verters, closes the NAND and NOR gates to data, applying V¢; = 0 levels to 
the inputs of both drivers. 
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Fig. 9-27 Three-state gates. (a) 4503B noninverting buffer. (b) 4502B strobed inverter 
buffer. 


The INHIBIT control is used to STROBE when the circuit is enabled. 
In the preceding description it was assumed to be LOW, and data passed 
through the buffer; when HIGH it forces a LOW output regardless of the 
data. The operation is as follows. When the INHIBIT input goes HIGH, the 
inversion puts low levels on the inputs of both the NAND and AND gates 
blocking out the data. The NAND gate output becomes HIGH, cutting off the 
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p-FET. Since the INHIBIT operation occurs when the circuit is enabled 
(DISABLE input LOW), the NOR gate has a LOW on both inputs (AND 
output is also LOW) and transfers a high level to the n-FET, which turns it 
ON. These conditions force a LOW output. 

The three-state inverter/buffer has sink current capability about six 
times that of a gate. When Vpp =5S V, the circuit can sink two TTL loads. 
However, the source current shows no comparative increase. On the other 
hand the three-state noninverting buffer will sink only one TTL load at 
Vpp = 5 V, but will approximately double the oy provided by a gate. Exact 
current values are shown in Appendix 9-3. 

The noninverting three-state buffer offers an improvement over buffered 
B-series gates in propagation delay particularly in f,4,. The same is not true 
of the inverter/buffer which has an appreciable increase in ¢,;4 due to the 
number of successive stages in the data flow. 


9-2.4 Interface-Converter Units 


Systems should be able to connect to other systems which have different 
voltage levels and input loads. For example, the interface between CMOS and 
TTL is very important. In addition, due to the various supply voltages em- 
ployed, CMOS circuits often have to interface with each other. 

To interface, a circuit must convert from one voltage level to another and 
supply sufficient output current to handle the required loading. The 4049UB 
and 4050B are buffer / converters which can convert from a higher voltage level 
system to a lower. The 4049UB inverts while the 4050B is noninverting. 

Figure 9-28 shows the 4049UB. Note the supply voltage Vcc comes from 
a TTL or other bipolar system. Functionally, the circuit is merely an inverter. 
However, to allow input levels higher than Vcc, the upper level gate protective 
diodes are removed. Both sink and source currents are recorded in Appendix 
9-3. If converting from a higher level CMOS system to a lower, the supply 
voltage of the lower is connected to Vcc. 

The noninverting converter is simply made up of two inverters. The 
additional inverter makes the circuit conform to buffered construction. 


Example 9-11 How cana 10-V CMOS system drive a bus to which TTL units 
are connected? 


Solution 


Use a buffer/converter to reduce the CMOS signals to nominal 5- and 
0-V levels. Vec=5 V. 


Drive a TTL three-state buffer gate from the buffer/converter. 
Drive the bus from the three-state buffer. 


Since the three-state buffer is noninverting, the buffer/converter should 
also be noninverting. 
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Fig. 9-28 4049UB buffer/converter—inverting type. 


The 4049UB and 4040B buffer /converters cannot be used to interface a 
lower-voltage system to a higher-voltage system. This is because the Vj, ap- 
plied to the input of the buffer/converter is apprecibly less than the supply 
voltage. As a result, the Vs of the p-FET will always be appreciably negative, 
keeping the channel enhanced. 


9-2.5 Open-Drain Buffer / Driver 


The 40107B 2-input NAND buffer/driver has an n-FET in the output circuit 
without the complementary p-FET. This is an open-drain output equivalent 
to the open collector of the TTL system. The functional diagram of the circuit 
is in Fig. 9-29. Since the n-FET connected to a resistor or other load causes 
an inversion, there are two levels of inversion following the NAND. 

Like an open-collector unit, the NAND buffer/driver can be used to: 


Drive relays, lamps, and LEDs. 
Formulate a wired AND (or wired negative OR). 
Shift the operating upper level (up or down). 


By shifting levels, the circuit can be used as a converter for interfacing. 


Example 9-12 How can a 5-V CMOS system be interfaced with a 10-V 
system? 
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| "out 
In A 

In B | 
Fig. 9-29 40107B 2-input NAND buffer driver. 


Solution Connect the Vpp of the NAND buffer / driver to 5 V. Provide a drain 
pull-up resistor connected to 10 V. 


The 40107B can provide up to 32 times the sink current of the standard 
B-series gate. (See Appendix 9-3.) This gives the NAND buffer/ driver com- 
parable sink current to the TTL clock and line drivers and should make it a 
very effective circuit for interfacing higher-current systems. 


9-2.6 Dual Complementary Pair Plus Inverter 


The 4007UB is a unique and versatile package made possible by CMOS 
construction. It contains three separate complementary pairs. One pair is 
connected as an inverter in the conventional manner. However, the other units 
have isolated drains as exhibited in Fig. 9-30. By external jumpers a variety of 
functional configurations can be obtained. 


The individual transistors can be organized in series-parallel combina- 
tions to form either 3-input NAND or 3-input NOR gates. 


Transistors of like polarity can be connected in parallel to increase the 
sink or source current or both. 


Of course, each pair can readily be connected as an inverter enabling a 
triple-inverter package. 


The electrical properties are similar to other UB gates. 


9-2.7 The Transmission Gate and Bilateral Switch 


It should be evident by now that CMOS digital circuits are made up of various 
series-parallel arrangements of p and n enhancement FETs. There is still one 
combination left to be discussed. That is the parallel complementary pair 
shown in various modes of operation in Figs. 9-31(a), (b), (c), and (d). This 
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Fig. 9-30 Dual complementary pair plus inverter. 


forms what is known as a transmission gate which, when switched ON, can 
conduct in either direction. 

The control signal determines whether the switch is ON or OFF. This 
signal is passed through an inverter so that one input gate is HIGH while the 
other is LOW and vice versa. 

In Fig. 9-31(a) the switch is ON. The p-FET gate is LOW; the n-FET 
gate is HIGH. With the drain LOW and the source HIGH, Vos of the p-FET 
goes negative. This enhances a channel and allows current to flow from the 
source to the drain. The n-FET will not conduct because the source and gate 
are both HIGH making V,; = 0. 

In Fig. 9-31(b) the switch is still ON because the gate polarities have not 
changed. However, in this case the drain is HIGH and the source LOW. This 
causes Vos of the n-FET to go positive. A channel is then enhanced in the 
n-FET and current flows from drain to source. Vcs of the p-FET is now zero, 
making that transistor nonconducting. 

In Figs. 9-31(c) and (d) the control signals to the gates are reversed, that 
is, the p-FET gate is HIGH and the n-FET gate is LOW. This makes Vc; for 
the p-FET 0 or + depending upon polarity of the drain and source. Simulta- 
neously, Vcs for the n-FET is — or 0. None of these combinations will allow 
conduction, and the switch is OFF. 

The block diagram of the transmission gate is in Fig. 9-31(e). The over- 
lapping buffers indicate the bidirectional current flow. 
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Fig. 9-31 Transmission gate. (a) Switch ON, p-FET conducting. (b) Switch ON, n-FET 
conducting. (c), (d) Switch OFF. (e) Block diagram. 


The transmission gate is employed to establish and interupt two-way 
transmission in several circuits, most of them medium scale. A small-scale 
example is the 4016B bilateral switch exhibited in Fig. 9-32. As can be seen, 
this is the transmission gate in Fig. 9-31 with an input inverting buffer added. 
The control opens and closes the switch. When open, the switch permits 


current to flow in either direction. 
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In/Out Out/In 


Fig. 9-32 Bilateral switch. 


Example 9-13 Is the 4016B bilateral switch (Fig. 9-32) opened by a high or 
low level on the control input? 


Solution Opening the bilateral switch requires a high level to the n-FET and 
a low level to the p-FET. This occurs when the control input is HIGH. 


Expandable AND-OR-INVERT 


CMOS, like TTL, uses the AND-OR-INVERT (A-O-I) gate for expansion. 
However, unlike TTL, there is no separate expander chip. Conventional gates 
can be connected to the expansion inputs. 

The expandable gate 4086B is 4 wide, 2 input with two expansion termi- 
nals, one for inverted inputs and the other for noninverted. The logic block 
diagram of the circuit is in Fig. 9-33 where X, and X, are the expansion 
inputs.’ Remember gate 5 is a NAND gate using the dual symbol. (See Fig. 
8-15.) Replacing the logic diagram by a logic expression using Fig. 8-19(b), 


Y=AB+CD+EF+GH+X, (AND-OR) 


The output of gate 6 is logically equal to V,,, since it is followed by a double 
inverter. 


Vou alt as Xy 
=AB+CE+ EF+GH+X,+X, (AND-OR-INVERT). 
Using the above equation, the logic diagram can be simplified as in Fig. 
9-34. If it is desired to expand the width of the gate, an active HIGH level is 
applied at X, or an active LOW level is applied at X,. 


13 ¥, is the low level input from an inverting expander. 
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Fig. 9-33. Expandable AND-OR-INVERT. 


Example 9-14 How can the 4086B be expanded to six wide two input? 
Solution Connect a two-input AND to X, and a two-input NAND to X}. 
Example 9-15 


a. What expansion can be obtained with two 4086B A-O-I gates? 
b. How should they be connected? 
c. What is the expression? 


Solution 


a. Two 4086B gates can form an 8-wide, 2-input A-O-I gate. 

b. The low-level output of unit 1 should be connected to the X; input of 
unit 2. 

C. Vani =— A,B, —- CL\D, 5 EA + GH, a A>B, ss CD, a EB T G> + Ab. 


The expansion terminals can also be used to enable and inhibit. Since 
gate 5 in Fig. 9-33 is a NAND, a high input on X, can enable this gate for 
inputs from gates 1 and 4. This terminal should be HIGH when unused. If X, 
is HIGH, NOR gate 6 will be forced LOW, inhibiting the information on the 
other leg. This terminal should always be kept LOW when not in use. 
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Fig. 9-34 Simplified logic diagram—expandable AND-OR-INVERT. 


9-2.9 The A-Series 


A comparable line of gates and buffers is designed to meet slightly different 
electrical performance specifications and is called A-series. These do not 
conform to JEDEC minimum standards like the B-series. The primary differ- 
ence between the A- and B-series is in the voltage ratings mentioned in Sec. 
7-1.3. Whereas the B-series can have a maximum DC supply potential of 20 
V with an operating range from 3 to 18 V, the A-series is limited to 15 V with 
an operating range from 3 to 12 V. As a result, current and voltage ratings are 
given for Vpp equal to 5 and 10 V only. 

From the rating sheets the A-series electrical performance offers no 
particular disadvantage. The noise margin is comparable to that of buffered 
types while the propagation delay resembles values for UB units. The gate 
sink and source currents do not have a consistent pattern for comparison. In 
general, they are somewhat less than the B-series counterparts. 

There are differences in the way some of the ratings are expressed. 
Instead of the conventional I>, and Ip,, the drive currents are referred to as 
IpN and IpP, indicating the polarity of the driving transistor. Also, the input 
voltage levels are expressed in terms of noise voltage Vy; and Vyy. The re- 
lationship of these quantities to the V,, and V,, of the B-series is shown in 
Fig. 9-35. 
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(buffered) 


Fig. 9-35 Comparison of input voltage levels—B-series and A-series (Vpbp = 5 V). Vx 
and Vy, are minimum values of noise threshold. All units can tolerate noise which 
doesn’t exceed this limitation. 


The A-series units are generally inverting. There are no devices provid- 
ing straight AND or OR functions. The only noninverting units are interface 
converters. 


9-3 ECL (EMITTER-COUPLED LOGIC) 


Emitter-coupled logic is noted for its speed. Typical propagation delays run as 
low as 1 nsec for the highest speed units compared with 3 nsec for the 74/54S, 
the fastest of the TTL family. 


9-3.1 General Electrical Features 


ECL achieves its speed by keeping the transistors out of saturation, thus 
reducing the storage time. This is done with smaller voltage swings which are 
still sufficient to produce upper and lower voltage levels distinct from each 
other. 

The nominal operating voltage is —5.2 V with a limit of —10 V. These 
voltages are negative because power is generally applied to the Vz, terminal 
with Voc at ground. 

There are essentially three different series of ECL devices which differ 
in their electrical properties. Comparisons will be made while discussing these 
properties. 
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Fig. 9-36 Basic ECL NOR/OR gate. 


9-3.2 NOR/OR 


The basic ECL structure is a NOR/OR gate. The schematic is drawn in Fig. 
9-36. There are three sections of the circuit, the input transistors, the output 
emitter followers, and the bias network made up of a voltage divider and 
emitter-follower current amplifier. 

The voltage divider consists of R3, D,;, Dj, and R,.'* This branch, in 
conjunction with the base-emitter drop of the emitter-follower transistor Q3,» 
applies a ‘“‘constant” voltage to the base of Q,. This voltage, minus the QO, 
base-emitter drop, then holds the Q,, through Q,- emitters at a bias voltage. 

When a low level is applied to the base of an input transistor, it reverse 
biases the base-emitter junction and cuts off the transistor. Therefore, if all 
inputs are LOW, only leakage current will flow through R, while the current 
through R,, to maintain the bias on the Q, emitters, will be supplied entirely 
by Q). With an insignificant voltage drop across R,, the base of the output 
emitter follower Q, will rise, making the NOR output go HIGH. 


“The diodes are always forward biased. (See Sec. 5-8.) The voltage drops across these 
diodes are relatively constant and reduce the effect of the resistor tolerance error which would be 
significant if the resistor divider were acting alone. 

© The emitter follower boosts the base current to Q). 
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If all inputs are LOW, the NOR output will go HIGH 


The current through R, supplied by Q, produces a voltage drop across R, 
which drives the Q; emitter follower LOW. This puts a LOW level on the OR 
output. 


If all inputs are LOW, the OR output will go LOW 


When any input goes HIGH, the respective Q, transistor will draw 
current and cause a voltage drop across R;. This drop will drive the NOR 
output LOW. 


If any or all inputs are HIGH, the NOR output will go LOW 


At the same time a HIGH input will cause the input transistor to put 
current into R,. Since the voltage across R, is held constant by the bias on the 
emitter of Q,, the emitter current of Q, has to decrease. This causes a decrease 
in the voltage drop across R, making the OR output go HIGH. 


If any or all inputs are HIGH, the OR output will go HIGH 


The conditions for both the NOR and OR gates are satisfied. 


9-3.3 Voltage Levels and Noise Margin 


Table 9-8 shows the worst-case input and output levels for the 1000/1200,”° 
and 10,000 series with subsequent noise margins. Remember these are nega- 
tive voltages so —1 V is more positive than —2 V. 





TABLE 9-8 ECL Worst-Case Levels and Noise Margin at 
25°C (in volts).* 





Series 

1000 / 1200 1600 10,000 

Vor min) —0.85 —().980 —0.980 

Vieumin) —1.025 = 1,095 =],.105 
noise margin 

(upper level) 0.175 0.115 0.125 

Vitcmax) —1.325 —1.485 —1.475 

Vocnax) —1.500 —1.600 —1.600 
noise margin 

(lower level) 0.175 0.115 0.125 


“Voltage levels from MECL System Design Handbook and MECL 
Integrated Circuits Data Book, Motorola, Inc. 


16 The 1000 and 1200 series are identical except for the wider temperature requirements of 
the 1200 series. This resembles the difference between the 7400 and 5400 TTL series. 
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Note that the output voltage swings are small. Also the noise margins are 
appreciably less than those for the TTL and CMOS systems. the low noise 
margin plus the speed of operation give the ECL system an apparent noise 
vulnerability. 


9-3.4 Currents and Fan-out 


Since the input transistors are turned on with high voltage levels, I, and Ion 
are the significant currents which determine the fan-out. This information is 
compiled in Table 9-9. The specified Jo, is at the minimum rated Voy. Higher 
currents may be drawn up to the maximum J,,, but the Voy will drop as a result. 

Table 9-9 shows fan-outs reached only through the use of buffers and 
interface gates in the TTL system. These larger fan-outs of ECL units are 

_ attributable to the relatively low J; requirements. 

A low-level input cuts off the input transistor. As a result, Jj; is merely 

leakage current and is referred to as Jp, where the R means reverse. 


9-3.5 Propagation Delay and Power Dissipation 


The 1-nsec propagation delay mentioned previously is for the 1600 series. This 
rating is a little larger in the other ECL series. Speed and power ratings for 
ECL devices are shown in Table 9-10. Comparison of Table 9-10 with Table 
9-2 shows ECL circuits consuming more power than TTL while achieving 
increased speed. It is interesting to note that the ECL epee power product is 
surrounded by the values of the TTL types. 


9-3.6 Unused Inputs 


Unused inputs, in addition to picking up noise, allow Icgo leakage currents to 
be amplified since the bases of the input transistors are open. (See Sec. 6-2.1, 


TABLE 9-9 ECL Currents and Fan-out.? 
Series 


1000 / 1200 1600 10,000 


I OH 

(specified) 

(mA) 2.5 oe ze 
Ti OF Lin | 

(max) (wA) 100 350 240 
Fan-out 25 63 92 
max Iout 20 40 50 


“Data from MECL System Design Handbook, Motorola, Inc. 
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Eo ______.__ | | aa, 


TABLE 9-10 ECL Speed and Power.* 
Series 
1000 / 1200 1600 10,000 





propagation 
delay (nsec) J. 1 Z 
ai, ieee, re eo 
power per 
gate (mW) 22 60 25 


speed-power 


product (pJ) 88 60) 50 


“Data from MECL System Design Handbook, Motorola, Inc. 


especially the sections on Icgg and Icgo.) This causes varying voltage drops 
across R; and R, which are propagated through the ECL gate. 

To eliminate the effect of noise and leakage, the unused inputs of the 
1000/1200 series should be tied LOW. For small-scale circuits the low poten- 
tial is V-~. Some more complex circuits use Vo;. 

The 1600 and 10,000 series have 50K input pull-down resistors between 
V;_ and the inputs. This provides the LOW tie internally, making external 
connections unnecessary. 

A general rule to follow with unused inputs is tie HIGH if the first stage 
is AND or NAND and tie LOW if the first stage is OR or NOR. 


9-3.7 Output Pull-down Resistors 


Some NOR/ OR gates are constructed without the output pull-down resistors 
Rz and R;. This is equivalent to the TTL open collector. The resistors can be 
replaced by direct loads or applied externally. Since the 1600 and 10,000 series 
are designed to drive transmission lines which terminate in a load, internal 
pull-down resistors are always absent from the outputs of these units. 

Absence of pull-down resistors also enables construction of the wired 
gate. In this case the gate is an OR since the output emitter follower will drive 
HIGH. This can be understood by comparing Fig. 9-37 with Fig. 8-2. By 
wire-connecting the OR outputs, an expanded gate with increased fan-in can 
be obtained: 


(A+B+C)+(D+E+F) > At+BtCt+D+Et+F 
Output gate 2 


Wired OR Output of connection 
Output gate 1 
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Fig. 9-37 ECL wire-OR. 


9-3.8 Other Gates 


Although ECL is predominantly NOR and OR, there is a quad 2-input 
NAND and a quad 2-input AND in the repetoire. Interfacing is not over- 
looked in this system. There are gates called translators which convert positive 
saturated logic signals to the negative ECL levels and vice versa. The former 
is functionally a 4-input AND, while the latter is a 4-input OR internally 
wire-OR’d with a 5-input NOR to give either a NOR or OR output on the same 
line. 

Other interfacing involves TTL to ECL and ECL to TTL. These are also 
called translators. The ECL to TTL circuit is a 2-input NOR incorporating 
totem pole outputs. 


9-4 SUMMARY OF TTL, CMOS, AND ECL GATES 


The intent of this section is to compare the three logic systems discussed from 
the standpoint of fan-out, noise margin, propagation delay, and power con- 
sumption. In this respect it is difficult to make definite numerical comparisons 
because each system has several series, each with different gate types. Also, 
the published ratings are really measurements under specified conditions 
which are not consistent. 

As a result, comparisons will be made qualitatively using the customary 
adjectives to indicate relative performance. The summary in Table 9-11 uses 
data from various tables in this chapter and Chapter 7. 
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TABLE 9-11 Qualitative Performance Comparison of TTL, CMOS and ECL Gates. 


System Fan-out Noise Margin Propagation Delay Power Consumption 


TTL Moderate Medium Short Moderately low 
CMOS _ Very high Large Relatively long Very low 
ECL High Small Very short Relatively high 


(H}#;=“. € = = cscs 


9-5 I7L (Integrated Injection Logic) 


Integrated injection logic gates are very simple in construction since they 
consist only of transistors. These transistors operate on the principle of current 
switching, making it unnecessary to drive into saturation. A transistor called 
the injector furnishes the current, which may either be supplied to the output 
driver or diverted to the input. This construction and operation enables fast 
response along with high packing density and low power consumption. ’L is 
generally found in LSI applications and is not prominent in small-scale units. 
The basic element in this system is the inverter, which is readily adapted to 
NAND and NOR gates. 


9-5.1 Inverter 


Figure 9-38 contains both the schematic and construction of the I’L inverter. 
The schematic also includes the input of the next stage to show the complete 
path of current flow. Q, is the injector transistor. Current flows through this 
transistor from the source. After passing through the injector, the current can 
flow into either Q, or the input. When the current flows into the base of Q, 
it will cause sink current to flow into the output collectors. (Q, fans out via 
multiple collectors diffused into the base.) When the injection current flows 
into the input, it is naturally diverted from Q). 

Switching is therefore achieved by varying the direction of current flow 
as follows: 


1. When the input draws current, the injector current is diverted from 
Q, and no drive current is supplied to the next stage. This is current 
flow represented by the solid line called path 1 in Fig. 9-38(a). 

2. When the input does not draw current, the injector puts current into 
the base of Q, which in turn draws sink current from the next stage. 
This current flow is represented by the dashed lines called path 2 in 
Fig. 9-38(a). 


This action presents the two distinct conditions necessary for switching. 


The transistors can be identified in the construction diagram, Fig. 
9-38(b). Q, is formed by pimp, and Q, by mp2(m, n3, N4). It is important to 
‘realize that there is resistance in n, between ground and the p regions. Since 
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(b) 


Fig. 9-38 I°L inverter. (a) Schematic. (b) Construction. 


the base of Q, is the n region between p, and p, and not the entire n, layer, there 
is therefore resistance between the base of Q, and ground. This is the purpose 
of the resistor in the schematic. Without this resistance the base of Q, would 
be ground and short the injector current around the base emitter junction. 


9-5.2 I7L NAND Gates 


The IL NAND gate in Fig. 9-39 fans-in directly from the output collectors of 
the input stages. 


1. If either Q., or Qo, is active, it will sink the injector current of QO, 
diverting it from Q,. Therefore, Q, will not sink a connected load. 
This condition is shown by path 1 (solid line) in the figure. 
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Fig. 9-39 1?L NAND. 


2. If both O24 and Q>, are inactive, there will be no input current drawn 
_ by a previous stage. The injector current will then activate Q,, which 
will be able to sink the load provided by the next stage. This condition 

is shown by path 2 (dashed line) in the figure. 


Comparing this with voltage operation, sink current acts as a low level 
and the absence of sink current as a high level. Therefore: 


1. A LOW on either input will produce a HIGH output. 
2. A HIGH on both inputs will produce a LOW output. 


9-5.3 I?7L NOR Gates 


The I?7L NOR gate has a separate stage for each input, bearing resemblance 
to the TTL NOR in that respect. This gate is in Fig. 9-40. Using this figure, 
it can be pointed out that if either Q,, or Qo, Is activated, sink current will be 
drawn from the injector transistor of the next stage. As a result: 


1. If either input A or input B fails to sink the injector current (equiv- 
alent HIGH input), then current will flow from that injector into the 
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Fig. 9-40 I?L NOR. @ denotes current flow condition 1 and @ denotes current flow 
condition 2. 


respective Q, which will sink the external load (equivalent LOW 
output). 

2. If input A and B sink the injector currents (equivalent to both inputs 
LOW), then current will be diverted from both Q,, and Q,, forbid- 
ding output sink current (equivalent HIGH output). 


The solid line current paths in the drawing are for condition 1 with input 
A HIGH and input B LOW. For condition 2 (both inputs LOW) the only 
current flowing is represented by the dashed lines. 


9-6 NMOS AND PMOS LOGIC 


The NMOS and PMOS inverters are discussed in Sec. 6-9 and shown in Figs. 
6-32 and 6-34. Keep in mind that the upper MOSFET, with gate and drain 
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connected to Vpp is functionally the load resistor. To form gates from the basic 
switch, the transistor is in a series or parallel combination. 


9-6.1 NMOS—NAND and NOR Gates 


In the NOR gate, Fig. 9-41(a), the transistors behave like parallel relay 
contacts. 


1. If a HIGH (or Vpp) is applied to either input, that transistor will go 
ON and the output will drop to a LOW voltage. 

2. A LOW (or ground) on both inputs will cut off both transistors and, 
with no current flow, the output will go HIGH. 


The transistors in the NAND gate, Fig. 9-41(b), respond like series relay 
contacts. 


1. If either transistor is cut off, due to a LOW input, no current will flow 
and the output will go HIGH. 


2. With both inputs HIGH, both transistors will go ON, completing the 
series path to ground. This will make the output go LOW. 


Vp 


‘*Load resistor”’ In | 


Out 


wy Fi | InB set 
— | a 


(a 
Fig. 9-41 NMOS gates. (a) NOR. (b) NAND. 
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9-6.2 PMOS—NAND and NOR Gates 


PMOS gates work the same way as NMOS gates except that the negative 
supply voltage makes ground HIGH and —Vpp LOW. Also, the individual 
transistors are turned ON when their gates are made LOW (or —Vpp) and 
OFF when they are made HIGH (or ground). Keep in mind that the upper 
FET functions as a load resistor. 

In the NAND gate, Fig. 9-42(a): 


1. A LOW on either input will turn on the respective transistor and the 
output will have a potential close to ground or HIGH. 

2. A HIGH (or ground) on both inputs will shut off the transistors. With 
no current flow the output will approach —Vpp which is LOW. 

In the NOR gate, Fig. 9-42(b): 

1. A ground HIGH on either input will cut off that transistor and break 
the circuit. With no current flow the output will approach the LOW 


level — Vo ie 


V np) 


[ **Load resistor” 
V pp) 


‘**Load resistor’”’ 


Out 


oF fi |— In B Fd 


(a) (b) 
Fig. 9-42 PMOS gates. (a) NAND. (b) NOR. 
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2. With both inputs LOW the transistors will be ON. The current path 
will then be closed between the output and ground making the output 
HIGH. 


SUMMARY 
TTL 


In addition to the standard TTL series of gates there are deviations in the 
construction to achieve a particular performance: 


The low-power L series designed to minimize current drain. 


The high-power H series designed to improve speed—the improvement 
in speed necessitates more current for charging and discharging capaci- 
tance. This series also provides increased drive current. 


The high-speed S series designed to improve speed—Schottky bypass 
transistors are used. 


The LS series which offers high-speed operation with low-current 
drain—Schottky bypass transistors are used here too. 


The speed-power product is the product of the propagation delay and the 
power consumption. It is a measure of performance and a low value is gener- 
ally preferred. Ranking the five series, starting with the lowest product, we 
have LS, L, S, standard, and H. 

Since the low-level input currents Jj, are small, the LS and L types have 
the best fan-out. | 

There are three types of output in a TTL circuit: totem pole, open 
collector, and three state. 

An open-collector output has the sink driver only, and it is necessary to 
insert an external pull-up resistor to obtain a high-level output. The open- 
collector output has the following applications: 


formulation of the wire-AND gate; 


driving a particular load like an LED or relay which can be switched ON 
and OFF exclusivley by the sink driver; 


to give freedom in the determination of the high level which enables 
interfacing to another system. 


If the outputs of several open-collector NAND gates are connected 
together, one low output will sink the load regardless of the state of the other 
outputs. For the junction to be HIGH all outputs must be HIGH. As a result, 
the junction is called a wire-AND gate. Like other AND gates, the junction 
can also function as a —OR. 
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Other gates can be wire connected. By this connection, inverters can form 
a NOR gate, and NOR and AND gates can have their fan-in expanded. 

A three-state output can be HIGH, LOW, or disabled. When disabled, 
the output has a very high impedance to ground and, as a result, causes 
negligible current drain. | 

Three-state outputs are used when several driver outputs are connected to 
a common line. Since only one driver can be active at a time, the other drivers, 
by being disabled, will not draw appreciable current. 

A TTL NAND can be converted into a NOR by connecting each input 
terminal to a separate input circuit. The collectors and emitters of the ‘“‘phase 
splitters” are then paralleled and connected to the output drive circuitry. Only 
one emitter of each input transistor is used. 

Since multiemitters are available on each input transistor, the NOR can 
readily by strobed or changed into an AND-OR-INVERT gate. A STROBE 
input can be available from a common connection to a second emitter on each 
input transistor. 

By running the parallel collector and emitter buses of the phase splitters 
to terminals, the NOR and AND-OR-INVERT gates can be expandable. 

The expander is an AND-OR-INVERT gate without an output circuit. 
The “‘phase-splitter’’ outputs connect externally to the collector and emitter 
buses of the expandable gate. 

If an AND-OR-INVERT gate has four AND gates, it is said to be four 
wide. The connection of the expander increases the width of the gate. By using 
only one input of each AND, the circuit becomes a NOR and the expander 
increases the fan-in. 

By adding an internal stage of inversion, a NAND can be converted into 
an AND and a NOR into an OR. 

A buffer is a circuit that meets a particular electrical requirement with- 
out necessarily performing a specific logic function. Generally a buffer fur- 
nishes drive current beyond the capacity of a gate. A CLOCK driver is an 
example of this since a large number of flip-flops have to be CLOCKed 
simultaneously. In addition to driving the flip-flops themselves, the CLOCK 
driver charges and discharges line capacitance which is appreciable due to the 
numerous connections. 

A TTL interface gate is an open-collector inverter, buffer, or NAND gate 
in which the pull-up resistor can be connected to a supply voltage appreciably 
higher than Vcc. This allows interface with CMOS or other higher-voltage 
circuitry. 


CMOS 


By connecting enhancement MOSFETs in series-parallel arrangements, the 
CMOS inverter can be converted into a gate. A CMOS NAND gate has 
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parallel p-FETs and series n-FETs. Conversely, a CMOS NOR gate has the 
p-FETs in series and the n-FETs in parallel. 


The number of FETs in series equals the number in parallel and the 
number determines the fan-in. CMOS chips contain quad-2 input, triple-3 
input, and dual 4-input gates just like TTL. Single 8-input NAND/ AND and 
NOR/OR devices are also available. Combination NAND/AND and 
NOR/ OR circuits are simple with CMOS since the inverter is the basic circuit 
and easy to insert. 

Since the enhancement FET has a high input impedance, the input 
current is very small. As a result, CMOS units have high fan-outs and low 
power consumption. Operating at higher supply voltages, which enable a 
wider difference between the upper and lower voltage levels, CMOS circuits 
have higher noise margins than TTL units. The disadvantage of CMOS is the 
speed. The high input impedance lengthens the rise and fall times. This, 
coupled with the greater voltage swings, increases the propagation delay. 

CMOS gates can have inverters in series with both the input and output. 
These gates are said to be buffered. Gates without these inverters are un- 
buffered. The voltage gain of the buffered inverters enables the same output 
levels to be attained with less swing in the input. This improves the noise 
margin. However, the addition of the extra stages adds to the propagation 
delay. 

By appropriate gating within the device, it is possible to apply a level 
which will cause both the p and n output FETs to be cut off. Since the absence 
of this signal will allow the conventional HIGH and LOW outputs, such a unit 
has three-state outputs. 

The CMOS interface converter is an inverter, or two cascaded inverters, 
which will enable operation with systems having a lower supply voltage like 
TTL. 

The open-drain NAND buffer/ driver is the CMOS counterpart of the 


open collector. It is used to drive special loads, formulate the wire-AND gate, 


and interface from lower to higher voltages. Being a buffer, this circuit fur- 
nishes considerably more current than standard gates and is useful for inter- 
facing higher current systems. 

A transmission gate is a parallel complementary pair of p and n enhance- 
ment FETs. The drains are common as are the sources. The gates are separate 
and opposite levels are applied to them. In one position the gate levels turn 
the device ON; in the other they turn it OFF. When ON, current can flow 
either way depending upon the polarity of the circuit in which the transmission 
gate is employed. The transmission gate is mainly used in medium- and large- 
scale circuitry. A small-scale application is the bilateral switch. 

The CMOS expandable AND-OR-INVERT gate does not require a sep- 
arate expander. In addition to the four-wide AND inputs, there is one input 
for an active LOW signal and another for an active HIGH signal. The circuit 
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can be made six wide by connecting a NAND gate to the active LOW terminal 
and an AND gate to the active HIGH terminal. By connecting the output of 
one expandable gate to the active LOW input of another the expansion can be 
made eight wide. 

There are B-series and A-series CMOS units. B-series conform to 
JEDEC minimum standards and offer a wider operating range of DC supply 
potentials. From the rating sheets the A-series appears to offer the propaga- 
tion delays of the unbuffered B-series and the noise margins of the buffered 
B-series. 

Unused inputs of CMOS NAND gates should be connected to the high- 
level drain voltage source Vpp. Unused inputs of CMOS NOR gates should be 
connected to the low-level source terminal Vv. 


ECL 


Emitter-coupled logic is the fastest system of logic gating, achieving propaga- 
tion delays of from 1 to 4 nsec. This speed is attributable to the fact that the 
internal transistors are not driven into saturation. 

The basic ECL configuration is a NOR/OR gate. 

ECL gates are generally operated with the collectors grounded and 
negative voltage applied to the emitters. This makes the input and output 
voltage levels negative with the low-level voltages having greater magnitude 
than the high level. 

There is not much variation between the high and low voltage levels. As 
a result, the noise margins are small. 

The high-speed and low noise margins give ECL a relatively low degree 
of noise immunity. 

ECL is also characterized by high fan-outs and high power consumption. 

Being a NOR/OR gate, ECL unused inputs should be tied low to Vez. 
Some units have internal input pull-down resistors which accomplish this 
purpose. 

A gate may or may not have output pull-down resistors. These are emit- 
ter resistors on the emitter-follower output drivers. The absence of pull-down 
resistors is the ECL counterpart of the open collector. The circuit is completed 
through external resistance. 

NOR/OR gates without output pull-down resistors can be connected 
together to form a wire-OR gate. The connection is an OR gate because the 
output emitter followers drive HIGH. When the OR outputs of several gates 
are wired together, the result is a single OR gate with expanded fan-in. 

There are three-series in ECL: 1000/1200, 1600, and 10,000. They differ 
in fan-out, propagation delay, and power consumption. Also the 1600 and 
10,000 series are constructed entirely with internal pull-down resistors on the 
input and absent from the output. 
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Integrated injection logic works on the principle of current switching and con- 
tains only transistors. It is very fast, has lower power consumption, and high 
packing density. I°L is generally found in LSI applications and not in small- 
scale units. : 

The basic I°L circuit is the inverter which consists of two transistors—a 
current injector and driver. The injecter always furnishes current which may be 
routed either to the driver or the input circuit. | 

A NAND gate is obtained by expanding the inverter inputs to accommo- 
date the required fan-in. The input lines are simply wire connected to the 
inverter input terminal. 

In a NOR gate each input requires a separate injector and driver. The 
driver outputs are wire connected. 

Fan-out is obtained from multicollectors in the driver transistor. 


NMOS 


An NMOS gate is made up entirely of n-enhancement MOSFETs. Each input 
comes into the gate of a separate FET: With a NAND gate, the input FETs 
are in series; with a NOR gate, they are in parallel. A load resistor connects 
the input transistor combination to the positive drain supply voltage Vpp. The 
load resistor is actually another n-enhancement FET in which the drain and 
gate are connected together to give a linear voltage-current relationship. 


PMOS | 


A PMOS gate uses p-enhancement FFETs throughout. Inputs are to separate 
FETs which are in series for a NOR gate and in parallel for a NAND gate. The 
load resistor is a p-enhancement FET with gate and drain tied together. Vpp 
is negative as are the output levels. The high level approaches ground. 


PROBLEMS 


. Name three types of output employed by TTL circuits. 

. What do the L, S, H, and LS stand for? 

. How does the L type differ internally from the standard gate? 

. Which draws the least power, L or LS? 

. Which has the shortest propagation delay, S or LS? 

. What is the purpose of H type since higher power in itself is not a partic- 
ular advantage? Which other type has the closest electrical ratings? 

7. What is unique about the diodes and transistors of the LS and S types? 

Why are they used? 


Nn bh WS WN = 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


. How does the input of the LS type differ from the others? 
. Using Table 9-2, calculate the speed-power product of the LS and stand- 


ard gates? What is the dimension? 


. Show how the product of nanoseconds and milliwatts gives picojoules. 

. Should the speed-power product be high or low? 

. Name three applications of an open-collector gate. 

. The specifications for the 7401 open-collector NAND gate list an Joy of 


250 wA. How can there be an Joy when there is no source driver? Com- 

pare this value in Appendix 9-1 with the value for the 7400 totem pole 

NAND in Appendix 8-4. Why is the sign different? . 

An open-collector gate is driving an LED with a specification of V;= 1.6 

V at 20 mA. Is the gate output connected to the anode or cathode side of 

the LED? If the LED source voltage is +5 V, what value of resistance is 

required? Assume 74H01. 

a. Using a 7401 open-collector NAND gate, what pull-up resistance is 
needed to achieve minimum Vo, of 2.4 V while furnishing source 
current of 500 pA? 

b. When sinking to a level of 0.4 V, what current has to be drawn from 
the resistor? 

ce. How much fan-out current is available to drive other gates? 

If the resistor calculated in problem 15 has to be decreased to 1.8K to 

achieve a desirable rise time, what fan-out current is available? 

In selecting the external pull-up resistor, what is the advantage of making 

the resistance relatively high? What is the advantage of making the re- 

sistance relatively low? 

In Fig. 9-43 what is the output level of the wired junction, HIGH or LOW, 

if the inputs are as follows: 

a. All inputs are HIGH. 

b. A, B, and C are HIGH; D is LOW. 

c. A and B are HIGH, C and D are LOW. 

d..A is HIGH; B, C, and D are LOW. 

e. All are LOW. 

How many open-collector gates can be fanned-in to a wire-AND junction 

that is driving six gates? Assume all gates are 74LS01 and use Appendix 

9-1 for necessary data. 

If it is desired in problem 19 to drive nine gates, would the number of 

open-collectors fanned-in have to be increased or decreased? 

What logic functions result if the following open-collector outputs are 

connected together? 

a. Four inverters. 

b. Four two-input AND gates. 

c. Four two-input NOR gates. 

What type of TTL gate uses a separate transistor for each input? 
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23. 


24. 


pie 
26. 


Zl. 


28. 


29. 


30. 
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9-43. 


In Fig. 9-8 what is the status of the Q,, Q3, and Q, transistors (ON or OFF) 

and the output (HIGH or LOW), if the inputs are 

a. A — HIGH and B — LOW; 

b. both LOW? 

a. Draw a four-wide AND-OR-INVERT gate (logic block diagram). 

b. Convert problem 24a to a two-input strobed NOR. 

What is the purpose of the STROBE? 

Draw the schematic of the input stages of a two-wide three-input AND- 

OR-INVERT gate. 

a. What TTL gates are externally expandable? 

b. How are they made expandable? 

If the 7460 four-input expander is connected to the 7423 expandable 

four-input strobed NOR, what is the logic equation of the output? (As- 

sume the strobe is always HIGH.) 

a. How many 7460 four-input expanders are needed with the 7423 four- 
input expandable NOR gate to obtain a seven-input NOR? 

b. How many unused inputs are there, and what should be done with 
them? 

c. What level must be applied to the STROBE? 

d. What would result if the opposite level were applied to the STROBE? 

In the TTL AND gate Fig. 9-15, which components are part of the basic 

NAND gate and which are added to obtain inversion? 

In Fig. 9-15 identify the following points as HIGH or LOW with both 

inputs HIGH. 

a. Emitter of Qo. 

b. Collector of Qypo. 


e 
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31. 
32. 


33. 


34. 
35. 


36. 


37. 


38. 


39. 
40. 


41. 


42. 
43. 


44. 


45. 


c. Emitter of Q). 

d. Collector of Q). 

e. Output. 

Repeat problem 30 with input A LOW. 

In the TTL OR gate (Fig. 9-16) which components are part of the basic 

NOR and which are added to obtain inversion? 

In Fig. 9-16 identify the following points as HIGH or LOW with both 

inputs LOW. 

a. Emitter of Q),. 

b. Collector of Q2,. 

c. Emitter of Qo. 

d. Collector of Qi. 

e. Output. 

Repeat problem 33 with input A HIGH. 

a. What are the three-state outputs? 

b. What is the status of the source and sink drivers during each state? 

What is the current drawn in the OFF state of the 74125? (See Appendix 

9-2.) 

Why are three-state circuits used when multiplexing several transmitters 

to a common line? 

Using Fig. 9-21(a), what is the output (HIGH, LOW, or OFF) for the 

following conditions of input and control: 

a. Input H, control H. 

b. Input L, control L. 

Repeat problem 38 for Fig. 9-21(b). 

a. In Fig. 9-20 are the following OFF or ON when the control input is 
HIGH? Dy, Qio, Q3; Diz, Q2, Qs. | 

b. Are the following points HIGH or LOW? Collector of Qio, emitter of 
QO; collector of Q,, emitter of Q). 

Redesignate the control inputs in Fig. 9-22 so that the transmission is from 

station 2 to station 3. 

What is the purpose of a 4-input NAND buffer like the 7440? 

Why does an open-collector output lend itself to interfacing with other 

systems? 

a. Draw the interface of a TTL output to a type UB CMOS input where 
the CMOS circuit operates at a supply voltage of 10 V. 

b. Designate the supply voltages on the drawing in problem 44a. 

c. Select the most practical interface buffer from Table 9-4. 

a. What value of pull-up resistor should be used in problem 44 if the total 
line capacitance is 20 pF and a 50-nsec rise time is desired? 

b. What Jo; is required of the interface gate? 

c. What are the upper and lower level noise margins? Assume an Io, of 
250 pA. Obtain Viz and V;, of CMOS input from Table 9-5. 
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47. 


48. 
49. 
50. 
51. 


52. 
53. 


54. 


a0: 


56. 


D7. 


58. 


59. 
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What is the basic unit of CMOS circuit from which all other circuits are 
derived? 


When the input to a CMOS inverter is HIGH (or Vpp), using Fig. 9-24(a): 

a. What is the Vos of the n-FET? 

b. What is the Vos of the p-FET? 

ce. Which FET is OFF and which FET is ON? 

d. What is the minimum or maximum output voltage if Vpp = 10 V? Refer 
to Table 9-5. 

e. What is the purpose of the protective network? 

Repeat problem 47 when the input is LOW (or ground). 

Draw a three-input CMOS NAND gate. 

Draw a three-input CMOS NOR gate. 

a. In Fig. 9-24(b), if one of the p transistors is ON and one of the n 
transistors is ON, is the output HIGH or LOW? 

b. Must the input be HIGH or LOW to turn the p transistor ON? 

c. Must the input be HIGH or LOW to turn the n transistor ON? 

Repeat problem 51 with Fig. 9-24(c). 

What is the difference in construction between the B and UB CMOS 

units? 

Name two ways in which the difference in construction makes the B suffix 

units differ electrically from the UB. 

Why does the buffered B-series NOR gate employ a NAND internally? 

What is the output of the NAND gate (H or L) if both NOR inputs are 

LOW? What is the output of the entire gate? 

When the noninverting three-state CMOS gate of Fig. 3-27(a) is in the 

OFF state what levels (H or L) are applied? 


the p and n output FETs, 


the NAND and NOR gates (excluding data inputs), 
the disable input? 


a. What is the purpose of the diode-resistor network on the input of Fig. 
9-28? 

b. Why are there no diodes connected to Voc? 

a. A CMOS inverter is to drive a three-state gate. Sketch the necessary 
interface circuitry showing values of supply voltage. Vpp = 15 V for 
both. 

b. Repeat problem 58a replacing the three-state gate with a CMOS in- 
verter having Vpp of 10 V. 

a. Why should an open-drain buffer/driver like the 40107B be used to 
interface a lower voltage system to a higher instead of an interface 
converter like the 4049UB? 

b. Draw the open-drain buffer / driver interfacing a 5-V CMOS inverter to 
a 15-V CMOS inverter. Indicate power supply voltages. 
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60. 


61. 


62. 
63. 


64. 


65. 


66. 
67. 
68. 
69. 
70. 


71. 
72. 


73. 
74. 


75. 


a. Form a wire-AND using CMOS circuitry. 

b. What combination of inputs is necessary to make the wire-AND output 
LOW? 

c. Repeat problem 60b for a HIGH output. 

a. Show how a two-input NAND can be formed from a complementary 
pair plus inverter. 

b. Repeat problem 61a for a two-input NOR. 

What is the purpose of a transmission gate and how is it constructed? 

a. In a bilateral switch what should be the voltage levels on the p and n 
FET control inputs of the transmission gate in order to turn the switch 
OFF? 

b. To achieve problem 63a should the control input of the switch be 
HIGH or LOW? 

Using the CMOS expandable AND-OR-INVERT in Fig. 9-33, to which 

input should a NAND gate be connected to expand the gate to five wide? 

a. Convert the expandable AND-OR-INVERT in Fig. 9-33 to a six-input 
NOR. 

b. How many unused inputs are there? 

c. What should be done with the unused inputs? 

What is the main difference between A-series and B-series CMOS cir- 

cuits? 

How does the A series compare with the B series and UB series in 

propagation delay and noise margin? 

What is the chief advantage of ECL? What particular method of operation 

enables it to achieve this advantage? 

What is a major disadvantage of ECL? Name two reasons for the disad- 

vantage? 

For normal operation what voltages are applied to the Vcc and Veg termi- 

nals? 

Which has the greatest magnitude in ECL, Voz, or Vox? 

In the ECL circuit of Fig. 9-36, state whether the following voltages go 

HIGH, LOW, or do not change appreciably when all inputs are LOW: 


Base QO, 
NOR out 
Emitter QO, 
Collector Q, 
OR out 


Repeat problem 72 with one input HIGH. 

a. How are unused inputs in the 1000/1200 series handled? 

b. Why is the procedure in problem 74a not used in the 1600 and 10,000 
series? 

How does ECL achieve the equivalent of the TTL open collector? 


CHAPTER 9 


Problems 405 


76. a. Draw the output circuits of three ECL gates connected to form a wired 


b. 


gate. | 
What is the logic function of the wired gate? 


77. Gate 1 in problem 76 has input terminals A and B, gate 2 has input 
terminals C and D, and gate 3 has input terminals EF and F. If the OR 
outputs of the three gates are wire-gated, what is the resulting logic 
expression? 

Repeat problem 77 with NOR outputs wire-gated. 

79. What is the purpose of R3, D,, D2, Ro, Q3, and Rs in Fig. 9-36? 

80. Name two advantages of I’L. 

81. What is the path of the I°L injector current? 


78. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


speonmnnromrns & & 


7 


. What signifies a LOW in I°L? 

. What signifies a HIGH? 

. Draw a three-input I’L NAND gate. 

. Indicate on the drawing the current paths if all inputs are HIGH. 

. Repeat problem 83b if one input is LOW. 

. Draw a three-input I°L NOR gate. 

. Indicate on the drawing current paths if all inputs are LOW. 

. Repeat problem 84b if one input is HIGH. 

. In the NMOS NAND circuit of Fig. 9-41 the input voltage levels are 


+10 V and ground. What are the possible A and B input levels if the 
output is HIGH? 


. Repeat problem 85a with output LOW. 
. The same voltage level conditions exist as in problem 85. Using the 


NMOS NOR gate in Fig. 9-41, what are the possible A and B input 
voltage levels if the output is LOW? 


. Repeat problem 86a with output HIGH. 
. In the PMOS NAND circuit of Fig. 9-42 the voltage levels are —10 V 


and ground. What are the possible A and B input voltage levels if the 
output is LOW? 


. Repeat with output HIGH. 
. The same voltage level conditions exist as in problem 87. Using the 


PMOS NOR gate in Fig. 9-42, what are the possible A and B voltage 
levels if the output is HIGH? 


. Repeat with output LOW. 
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APPENDIX 9-3: CMOS Buffer Currents. Courtesy of RCA. 


Conditions 
Veco Vin Vo 
5 0 4.6 
5 Oo 25 
10 0 9.5 
15 ) 33.5 
5 5 0.4 
10. 10° 3 
10 10 ~= 1.0 
15 15 1.5 
i. i U5 


Courtesy of RCA. 


4502B 
Three-State 
Inv. 

Min. Typical 
ag el —] 
—1.6 oe fe 
es. 2a 
—3.4 saa 6 

3.06 6.0 

7.8 15.6 
20.4 40.8 


4503B 4049UB 
Three-State 4050B 
Noninv. Converter 
low (mA) 
Min. Typical Min. 
—1.02 —1.9 -—0,65 “-—1.2 
—4.8 —6§.1 -2.1 —3.9 
—2.6 —3.7 —-1.65 —3.0 
—6.8 —14.1 —-4.3 —8.0 
Tor (mA) 
Dal. 2.3 3.2 6.4 
5.5 6.2 8.0 16.0 
16.1 23.0 24.0 48.0 


40107B 
Open Drain 


Typical Min. 


NAND Driver 


Typical 
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The Flip-Flop 


Up until now circuits we have discussed operate straight through. The input 
comes from some driving source and the output passes to a load. If there are 
multistages, the signal passes from stage to stage without return. 

Now we are going to examine a set of circuits made up basically of two 
stages where the output of each stage feeds back to the input of the other. In 
discrete circuitry the feedback can be through resistors, capacitors, or a com- 
bination of both. The result of this feedback or cross-coupling enables the 
circuit to be in the designated state without continual application of the input 
pulse. These circuits come under the general heading multivibrator. 


10-1 TYPES OF MULTIVIBRATORS 


A multivibrator, as the name implies, entails a vibration or switching between 
two possible states. This switching can be done in three different ways. 


10-1.1 Bistable 


A multivibrator is bistable if one pulse puts it into a specific state and it 
remains in that state until another pulse returns it to the original condition. 
There is no change in status between the application of the operating pulses. 
The BISTABLE has several nicknames with the term flip-flop being the most 
common. Other names are toggle and latch. 


10-1.2 Monostable 


The monostable multivibrator has a natural state or position. It has one input, 
and a pulse applied to that input causes it to switch to the other state. It stays 
in that state for a period of time determined by the timing network and then 
returns to its natural position. This circuit is also appropriately known as a 
single shot or one shot. 


411 
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10-1.3 Astable 


The astable circuit changes states on its own and does not require an input 
except to insure its starting. This gives it the function of a pulse oscillator and 
it is often referred to as that. Clock multivibrator is another name sometimes 
used. The pulse and space have separate timing networks which can be used 
to control the period and duty cycle. 


10-2 APPLICATION OF THE FLIP-FLOP 
10-2.1 Storage 


Being bistable, the flip-flop is the simplest circuit for storing binary data. Let 
us call the two inputs SET and RESET and the two states “1” and “0.” 
Application of a SET pulse will put the flip-flop in the “1” state. The flip-flop 
will then contain or store this “1”’ until a RESET pulse puts it back into the 
“OQ” state. 

Since the “1” and “0” states can be related to the two positions of a 
binary bit, we can say that the flip-flop can store one binary bit. It can also 
store this bit for any length of time. 


10-2.2 Registers 


Flip-flops can be grouped together to hold a complete binary number. When 
two or more flip-flops do this they are called registers, each flip-flop being a 
separate stage. 

Common forms of registers are the serial shift register, where the binary 
data goes through each stage in sequence, and the bistable latch where parallel 
bits enter each flip-flop simultaneously. 


10-2.3 Counters 


The counter is a unique type of register organized in such a way that the 
triggering pulse causes the stored binary number to advance by one. This gives 
the register the ability to count. 


10-2.4 Memory 


By organizing flip-flops into an array and providing means of addressing 
specified groups, many binary numbers called words can be stored in a single 
chip. These arrays are used for random access memory. 
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10-2.5 SSI, MSI, and LSI 


As evidenced by the above applications, the flip-flop not only exists in small- 
scale chips by itself but in medium- and large-scale circuits in conjunction with 
other units. Shift registers and counters are examples of medium-scale integra- 
tion; the memory is an example of large scale. 


10-3 THE FLIP-FLOP AS A BLOCK 
10-3.1 Functional Representation 


A good mechanical analog of the flip-flop is the latching relay (see Fig. 10-1). 
As the circuit stands, the relay is in the “‘0”’ state with the normally closed ‘‘0”’ 
contacts at E volts. 

Depression of the SET: button energizes the relay, closing the contacts. 
Now the voltage E switches to the normally open “1” contact putting the relay 
in state “‘1.’’ Since the relay is held through the normally closed RESET 
button, the relay remains in the ‘“‘1” state after the SET button is released. 

The relay can be put back into the “0” state by depressing the RESET 
button. This opens the contacts and breaks the hold circuit. Release of the 
RESET button leaves the relay in the “0” state. 


| “Q”? Or OQ 





| Oa Or OQ 
| ° 


Fig. 10-1 Latching relay representation of a flip-flop. 
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It is not the intention to explain relays in this text. However, many 
technical people have an easy understanding of mechanical things. For them 
this is hopefully a convenient way of relating to the basic action of a flip-flop. 


10-3.2 Block Diagram and Nomenclature 


Now let us replace the relay with integrated circuitry and put it in a box (see 
Fig. 10-2). The input pulses, applied to the SET and RESET terminals, vary 
from an upper level greater than Viyimin) to a lower level less than Vitimax) aS 
shown in Fig. 10-3. The output levels' at Q and Q either exceed Voncmin) OF are 
below Vorimax). This is represented in Fig. 10-4. Notice that the voltages at the 
two output terminals are complementary or opposite. 





Fig. 10-2 Flip-flop block diagram. 


Vins (min) 





Vitcmax) 


Fig. 10-3 Input pulse—SET and RESET. 


Q is the general name given to a flip-flop, and from this symbol, the 
output terminals receive the designations Q and Q. In application the flip-flop 
has a name indicative of its logic function. This name appears in the box and 
can be any combination of numbers and/or letters like OV, Z, MIN, or GTZ. 
In this case the outputs from the Q and Q terminals have the name of the 
function like OV and OV. 

In addition to describing the action of the input, the terms SET and 
RESET also refer to the static condition of the flip-flop and are the most 
common means of reference. However, since it has a switching action, the 
flip-flop can also be recognized as ON or OFF. Table 10-1 summarizes the 
nomenclature applied to the operation of the flip-flop. 


‘These correspond to the “1” and “0” terminals of the relay in Fig.-10-1. 
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V Sa ce peeeeereeen 4 
HH HH 
ius “"(” state “1” state : a 
“1” state “Q”? state 
See cara F epics Voncmax) ~~ 










(a) (b) 


Fig. 10-4 Output voltages. (a) Output of Q terminal. (b) Output of Q terminal. 


TABLE 10-1 Flip-Flop (FF) Nomenclature. 














Input Condition or State i tk 
Action of FF Terminal Voltage 
SET SET, ON, “1” lor@Q H 

0 or O s 
RESET RESET, CLEAR, OFF, ‘‘0” lor@Q £3 
Oor QO H 


10-4 THE RS FLIP-FLOP (LATCH) 


RESET-SET, abbreviated RS, is the name given to the flip-flop in the box 
represented by Fig. 10-2. Since the RESET function is also called CLEAR, 
the letters SC are also used for identification. Flip-flop can be abbreviated FF, 
and this abbreviation could be used on occasion to alleviate repetition. 

The internal operation of the RS flip-flop or latch can best be explained 
by cross-coupling two NAND or two NOR gates. One input on each gate will 
be free to accept the SET or RESET signal while the other connects to the 
output of the opposite gate. 


10-4.1 The NAND Latch 


The cross-coupled NAND gate is shown in Fig. 10-5. Assume the combination 
is in the RESET or CLEAR condition. This means Q is HIGH (H) and Q is 
LOW (L). Since the latch is storing or holding, the inputs are in the inactive 
condition, which in this case is a high level. The initial conditions are shown 
in Fig. 10-5 as high or low levels with subscripts 0 (i.e., Hy or Lp). Note how 
the NAND conditions are satisfied: 


(H : H)in = Liear and Lin — Hout 
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SET 





O| 


RESET SS 
Ha ati, 


Fig. 10-5 NAND latch. 


At time (t,) a low level is applied to the A or SET terminal in the form 
of a pulse. This sets the device after initiating the following sequence of events: 


O goes HIGH putting a high level on the cross-coupled input of the OQ 
gate. . 


Since the O gate now has two high inputs, its output goes LOW. 


The O output then transfers the LOW to the input of the Q gate which 
reinforces the action of the SET pulse and holds the Q output HIGH. 


The voltage levels during the SET pulse are shown in Fig. 10-5 with a subscript 
1, which denotes the span of time (t¢,). Note the outputs are reversed from the 
initial condition. 

Now since the output of the Q gate is being held HIGH by a low signal 
from Q, the SET pulse can be removed, returning A to a high level, without 
changing the state of the latch. The circumstances following the SET pulse are 
shown in Fig. 10-5 with subscript 2. Note that there is no change from time 1 
to time 2, except the return of the SET input to a high level. The circuit 
therefore remains SET. 

To CLEAR or RESET, a low level is placed on the RESET terminal, 
with the SET terminal still HIGH. This then prompts another series of events 
which drives the circuit back to the RESET state. 


O output goes HIGH putting a high level on the cross-coupled input of 
the Q gate. 


Since the Q gate now has two high inputs, the output goes LOW and 
reinforces the action of the RESET pulse. 
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Subscript 3 represents the action during the RESET pulse. Note that the 
outputs are switched back to the initial conditions. 

When the RESET pulse returns to a high level, there is no change in 
conditions because the QO output is held high by the low signal cross-coupled 
from Q. The situation following the RESET pulse is shown with subscript 4. 
Note that the latch has returned to its initial position. 

To summarize, the cross-coupled NAND latch is initiated by active low 
levels. To SET, a low level is placed on the SET terminal with RESET 
remaining HIGH. To RESET the opposite occurs. If both inputs are HIGH, 
there will be no change of state. If both inputs are LOW, each output will be 
HIGH?’ and the circuit will not behave like a flip-flop at that time. The truth 
table is shown in Table 10-2 and the block diagram in Fig. 10-6. The small 
circles, called bubbles, in the figure indicate active LOW SET and RESET 
levels.” 


TABLE 10-2 Truth Table RS FF (NAND Latch). 


SET RESET Q Q 
H jel NC* NC’ 
L H H L 
A EL L H 
L L H H 


“NC is no change. 


10-4.2 The NOR Latch 


Figure 10-7 shows a latch made up of cross-coupled NOR gates. In this case, 

the SET and RESET levels are active high but go to the opposite gates. 
Let us begin the analysis with the device RESET. Both inputs are in the 

inactive low condition. The Q output is HIGH and Q LOW. To obtain the high 





Fig. 10-6 RS flip-flop (NAND latch)—block diagram. 


* This is not an allowable input state. 
>The absence of bubbles at these positions would indicate active HIGH SET and RESET 


levels. 
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RESET 


SET 





0) se se oe 


Fig. 10-7, NOR latch. 


output, both inputs of the Q gate are LOW; to obtain the low output, one leg 
of the Q gate is HIGH. This satisfies the logic of the NOR gate. These voltage 
conditions are shown in Fig. 10-7 with a subscript 0. 

When the SET level at B goes HIGH, the output of O goes LOW. This 
low level is transferred to the Q gate. Since both inputs to the Q gate are now 
LOW, the output of Q goes HIGH. This high level is cross-coupled to the 
input of Q reinforcing the SET pulse. These events are shown with a subscript 
1 in Fig. 10-7. Notice that the latch has switched. 

Since the SET pulse is reinforced by the high level from output Q, it can 
go back to the inactive level without any change in the state of the latch which 
now holds in the SET position. The levels with subscript 2 show this position. 

When the RESET level goes HIGH, output Q goes LOW. This causes 
a LOW on each leg of the Q gate. Since LOW and LOW make a NOR gate 
HIGH, QO goes HIGH and reinforces the RESET pulse by cross-coupling the 
high level to the Q input. The levels with subscript 3 show the device now in 
the RESET state. 

The return of the RESET pulse to an inactive level causes no subsequent 
change because the Q gate is held in position by the HIGH from Q. Subscript 
4 shows this return to the initial condition. 

To summarize, the cross-coupled NOR operates from SET and RESET 
levels which are active HIGH. However, these are applied to the opposite 
gates as shown in Fig. 10-7. If both inputs are LOW, the flip-flop remains 
unchanged. If both inputs are HIGH, tne circuit no longer acts as a flip-flop 
because both outputs become LOW.’ The truth table is shown in Table 10-3. 
The block diagram of Fig. 10-2 is representative of this circuit. 


*This is not an allowable input state. 
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TABLE 10-3 Truth Table RS FF (NOR Latch). 


SET RESET Q O 
L F NC’ NC’ 
H ig H L 
L H i, H 
H H L L 


“NC is no change. 


10-4.3 Minimum Pulse Width 


In either configuration, the NAND latch or the NOR latch, the SET or 
RESET pulse is reinforced by a level of the same polarity applied to the 
second leg of the gate. After this, the pulse can go back to the inactive level 
and the circuit will remain in the state in which it has just been placed. 
The time to reinforce the activating pulse determines the minimum pulse 
width allowed. As can be seen from Figs. 10-5 and 10-7, the output from each 
gate goes to the input of the other. This means that the propagation delay of 
both gates must be experienced before the pulse receives support. Therefore, 
the width of the activating pulse must exceed the sum of these two delays. 


Example 10-1 The propagation delays of two NAND gates which form a 
latch are t,,4 = 20 nsec and 4,4, = 15 nsec. What is the minimum SET and 
RESET pulse width? 


Solution Since each gate inverts, the path consists of one LOW to HIGH 
propagation delay and one HIGH to LOW. Therefore, 


botiianty — beeas © Tora, 
= 20 nsec + 15 nsec 
= 35 nsec 


10-5 SYNCHRONOUS VERSUS ASYNCHRONOUS 
If a flip-flop is triggered as soon as the SET or RESET conditions occur, it is 
asynchronous. If the flip-flop is in SET or RESET condition but needs an 
additional input pulse called the CLOCK for triggering, it is synchronous. 


10-5.1 Asynchronous 


The latches in Sec. 10-4 are asynchronous. As soon as the SET or RESET 
pulse arrives, the triggering begins. Triggering is always on the leading edge 
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of the pulse. Many synchronous flip-flops have additional asynchronous termi- 
nals to preset a “1” or clear to ‘‘0.”’ 


10-5.2 Synchronous 


The block diagram of a synchronous flip-flop is shown in Fig. 10-8. The 
combination of HIGH and LOW signals on the SET and RESET terminals 
determines the operation to be performed but not when to be performed. The 
time is determined by the pulse applied to the CLOCK terminal. A bubble on 
the CLOCK terminal indicates that triggering will occur when the clock pulse 
level switches from HIGH to LOW. The absence of a bubble indicates switch- 
ing when the level goes from LOW to HIGH. 


Clk 





Fig. 10-8 Synchronous flip-flop—block diagram. 


The SET or RESET conditions have to be applied a short interval before 
the triggering impetus and held a certain time thereafter. These intervals are 
called setup time and hold time. They will be discussed in more detail in Sec. 
10-15. The various conditions of operation are shown in Table 10-4, the Truth 
Table of a Synchronous Flip-Flop. Note that if both SET and RESET condi- 
tions occur at the same time, the flip-flop will assume one of the two states in 
an uncontrolled manner like the flip of a coin. This is called an indeterminant 
condition. 


TABLE 10-4 Truth Table—Synchronous FF. 


SET RESET Ona Oner? 
H L H L 
ig H L H 
L L NC? NC? 
H H r i 


“n means now. 
’NC is no change. 
“IT is indeterminant. 
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10-5.3 The CLOCK 


The CLOCK is a periodic pulse which can be considered the heartbeat of a 
digital machine. The frequency varies from one machine to the other but is 
generally in the megahertz region. The Viz and V;, of the CLOCK terminals 
are equivalent to those of the other inputs. 

By setting and resetting flip-flops, the CLOCK creates a new set of 
conditions in a machine every time it comes along. In Fig. 10-9 the logic 
section of a machine is represented by flip-flops and logic gating. As men- 
tioned in Sec. 10-2, the flip-flop provides short-term storage of information. 
After the clock pulse puts the bank of flip-flops in various conditions of SET 
and RESET, the outputs are gated to produce new combinations of voltage 
levels which wait at the flip-flop input terminals for the next CLOCK. When 
the next CLOCK arrives, new information is put into the flip-flops. This 
process continues with each clock pulse. After so many clock pulses, the 
machine has completed a specific function. 


10-6 THE CLOCKED RS FLIP-FLOP (STROBED LATCH) 


The cross-coupled NAND or NOR explained in Sec. 10-4 is basic to all 
integrated flip-flops. Their function can be expanded with additional gating. 


A 
Ge S a -SET A conditions 
R RESET A conditions 
SET B conditions 
RESET B conditions 


C 
— gates SET C conditions 
Clk C 
RESET C conditions 


N 
S a | SET N conditions 
Clk N 
R RESET WN conditions 


Fig. 10-9 Representation of digital mechanization. 


Clk 


my | tr 
si] 


Din 
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The clocked RS is an example of additional gating where gates steer the 
CLOCK to either the SET or RESET terminals of the latch to obtain syn- 
chronous operation. Since the words CLOCK and STROBE? interrelate (see 
Sec. 10-6.4), the name strobed latch is appropriate. 


10-6.1 Strobed NAND Latch 


Figure 10-10 shows the block diagram and representative interior of a clocked 
RS flip-flip using NAND gates. It is also called a strobed NAND latch. SET 
and RESET are active HIGH and the CLOCK triggers at its leading or 
positive edge. Gates 3 and 4 form a NAND latch (Sec. 10-4.1), while gates 1 
and 2 steer the CLOCK from one side of the latch to the other. Naturally, they 
are called the steering gates. 

When the SET and RESET terminals are LOW, gates 1 and 2 are 
disabled and a HIGH appears at the inputs of gates 3 and 4. HIGH signals at 
this position leave the latch unaffected. If the SET terminal only is HIGH, 
gate 1 is enabled and the inverted CLOCK appears at its output as shown in 
Fig. 10-10(a). The low level of the inverted CLOCK sets the latch making Q 
HIGH and Q LOW. If the RESET terminal only is HIGH, the output of gate 
2 goes LOW at CLOCK time, resetting the latch and reversing the conditions 
of Q and Q. When both input terminals are HIGH, the inverted clock goes to 
both sides of the latch and drives both outputs HIGH. However, when the 
CLOCK goes away, the latch assumes an uncontrolled position and the flip- 
flop winds up in an indeterminant state. The truth table presented in Table 
10-4 includes these conditions. 


Or 
Strobe 





(a) (b) 
Fig. 10-10 Clocked RS flip-flop (strobed NAND latch). (a) Representative interior. (b) 


Block diagram. 





>In the rest of the discussion the word CLOCK will be used with the understanding that 
a STROBE pulse could be substituted with identical results. 
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(a) (b) 


Fig. 10-11 Clocked RS flip-flop (strobed NOR latch). (a) Representative interior. (b) 
Block diagram. 


10-6.2 Strobed NOR Latch 


Figure 10-11 shows the CLOCK or STROBE pulse being steered to the SET 
and RESET terminals of a NOR latch. This is another form of clocked RS 
flip-flop called a strobed NOR latch. Since the NOR latch is activated by a 
HIGH level on the appropriate input, the steering gates are noninverting. 
Observe that the SET and RESET terminals are reversed with respect to the 
outputs—a typical condition for working into a NOR latch (refer to Fig. 10-7). 
The block diagram in Fig. 10-11(b) shows these terminals in the conventional 
position because terminals on a block diagram can be placed anywhere to 
clarify the operation. 

When the SET and RESET terminals are both LOW, the outputs of the 
steering gates are LOW and the latch is held in its present state. A HIGH on 
either SET or RESET will enable the respective gate and allow the CLOCK® 
to go through. As a result, the latch will SET or RESET depending on the 
path of the CLOCK. Figure 10-11(a) shows the path for SET. As in the case 
of the strobed NAND latch, a HIGH on both input terminals will enable the 
CLOCK to transverse both paths and leave the flip-flop in an indeterminant 
condition when the CLOCK goes away. Obviously, the truth table of Table 
10-4 also applies here. 


10-6.3 Asynchronous Terminals and Multiple Inputs 
Figure 10-12 shows a flip-flop with both synchronous and asynchronous oper- 


ation. The asynchronous terminals labeled S) and Cy (the term CLEAR is 
applied here) allow direct access to the latch so that the flip-flop can be SET 


° As in the previous section, a STROBE pulse may be substituted. 
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C 


Fig. 10-12 Clocked RS flip-flop with asynchronous terminals and multiple inputs. 


or CLEAR independent of the CLOCK. The truth table for asynchronous 
operation is the same as that for the RS flip-flop and is shown in Table 10-2. 

Since flip-flops assume random positions when a machine is turned on, 
the S, and Cy, terminals are frequently used to apply the initial conditions. 
However, they can be operable at any time, and, if so, asynchronous operation 
has priority. 

The S;, S2, R,, and R, terminals give the flip-flop more logic ability and 
eliminate the need for an additional logic gate in the input chain. 


10-6.4 The Strobe 


The CLOCK is generally thought of as a periodic sequence of pulses. The 
STROBE is a pulse controlled in time which initiates an action but is not 
necessarily periodic. The response of a synchronous flip-flop is the same in 
either case so the terms can often be interchanged. 


10-6.5 The Time Race 


It is not uncommon for the output data of a flip-flop to be impressed upon its 
own input, directly or through controlling logic gates. The intent is for the 
flip-flop to SET at one clock time and RESET the next, or vice versa. If the 
CLOCK is still active when the new output information arrives at the input, 
the flip-flop can try to SET and RESET during the same CLOCK interval 
winding up in an indeterminant state. 

If the clock pulse is narrow and/or there is appreciable delay in the loop 
from output to input, the probability of this malfunction can be minimized. As 
a result, there is a time race between the end of the CLOCK and the arrival 
of the new input data. This is quite prevalent with a strobed latch. 
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The same time race is possible if the flip-flop receives input information 
initiated in another flip-flop which triggers at the same time. 

The time race can be eliminated by the use of edge-triggered flip-flops, 
which leave the inputs open for only a very short time after the triggering edge 
of the CLOCK, or by triggering when the CLOCK level returns to its inactive 
state as in the case of the master-slave flip-flop. These units will be discussed 
in subsequent sections. 

The strobed latch is not used very much as a unique flip-flop. However, 
it is a basic building block in the structure of more sophisticated types. 


10-7 THE MASTER-SLAVE FLIP-FLOP 


The master-slave flip-flop is made up of two strobed NAND latches, one 
called the MASTER and the other called the SLAVE. This circuit in the days 
of discrete componentry would have been costly due to the large number of 
parts. However, in an integrated circuit, a large number of components can be 
fabricated in the chip simultaneously with no additional cost. The content of 
the chip is only limited by power dissipation and the required number of leads. 


10-7.1 Operation 


Figure 10-13 shows a master-slave flip-flop made up of NAND gates. Gates 1 
through 4 are the MASTER; gates 5 through 8 are the SLAVE. Gate 9 is an 
inverter which applies a complement of the clock pulse to the SLAVE. If SET 
or RESET information is available at the inputs, the MASTER triggers on the 
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Fig. 10-13 Master-slave flip-flop. 
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leading edge of the CLOCK. At this time the complemented CLOCK to the 
SLAVE goes LOW. This low level shuts off the SLAVE, preventing it from 
responding to the information picked up by the MASTER. 

At the conclusion of the input CLOCK, the complement returns to a 
high level and transfers the information in the MASTER to the SLAVE. The 
MASTER is them blocked off until the next clock pulse. 

Assume the flip-flop is initially reset. That means gates 4 and 8 will be 

_ HIGH and gates 3 and 7 LOW. Also assume that prior to the CLOCK, inputs 
S, and S, are made HIGH while either R, or R> is held LOW. These conditions 
are shown with zero subscript in Fig. 10-13. 

When the CLOCK arrives, it is steered to gate 3 and sets the MASTER. 
Gates 3 and 4 then reverse their position going HIGH and LOW, respectively. 
The output of inverter 9 being LOW at this time keeps gates 5 and 6 disabled 
preventing operation of the SLAVE. Subscript 1 in Fig. 10-13 is used to 
describe the levels at this point in time. 

Now at the trailing edge of the CLOCK the output of gate 9 goes HIGH 
enabling gates 5 and 6. This allows the SLAVE to receive information from 
gates 3 and 4 of the MASTER and respond accordingly. Since gate 3 is HIGH 
and gate 4 is LOW, the SLAVE SETS. The time of these events is indicated 
with a subscript 2. 

By reversing the input conditions, the CLOCK can be routed through 
gate 2 to reset the MASTER. This makes gate 4 HIGH and gate 3 LOW. At 
the trailing edge of the CLOCK, gates 5 and 6 are enabled and the SLAVE 
assumes the RESET status of the MASTER. 

As in the case of the strobed latch, simultaneous low input levels disable 
the input steering gates preventing trigger. Also a simultaneous HIGH allows 
the clock to access both sides of the MASTER resulting in indeterminant 
action. The truth table of Table 10-4 applies to this flip-flop. 


10-7.2 Isolation 


In contrast to the strobed latch, the master-slave flip-flop delivers information 
to the output terminals when the CLOCK changes from HIGH to LOW level. 
Since the MASTER cannot accept new information until the next CLOCK 
interval, the MASTER-SLAVE isolates the output information from the in- 
put. 

This means that a number of flip-flops of this type can be used in a 
system without the possibility of new output information changing any input 
conditions before the CLOCK becomes inactive. As a result, the time race 
discussed in Sec. 10-6.5 is eliminated. 


10-7.3 Input Information 


The input information is generally at the SET and RESET terminals prior to. 
the CLOCK and goes into the MASTER at the leading transition of this 
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MASTER sets MASTER sets 


Fig. 10-14 Input to MASTER during CLOCK. (Propagation time not shown.) 


interval. It is possible to change input information during the CLOCK as 
exhibited in Figs. 10-14 and 10-15. However, this has potential hazards since 
there may not be sufficient time for those changes to occur reliably. Some 
master-slave flip-flops have what is known as data lockout which prevents the 
flip-flop from responding to changes in input during the CLOCK. Examples 
of data lockout devices are the 74110 and 74111. 


10-7.4 Timing 


Four events occur in the master-slave flip-flop, and they occur in the following 
sequence: 


1. SLAVE gates shut off by complementary clock. 
2. MASTER ready for information. 

3. MASTER inhibited from accepting information. 
4. SLAVE gates opened. 


Clk | Lo 
SET 0 
| 
| 
| 
RESET | | 
0 
| | 


| | 
MASTER sets MASTER resets 


Fig. 10-15 Input to MASTER changed during CLOCK. (Propagation time not shown.) 
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Events 1 and 2 occur during the LOW-to-HIGH transfer of the CLOCK 
and must be in that order to prevent the SLAVE from picking up new infor- 
mation at that time. 

Events 3 and 4 occur during the HIGH-to-LOW transfer of the CLOCK, 
and the order prevents the MASTER from changing while information is 
delivered to the SLAVE. Otherwise, the SLAVE could wind up in an indeter- 
minant condition. 


10-8 THE SHIFT REGISTER 


As mentioned in Sec. 10-2.2 banks of flip-flops called registers are used for 
temporary storage of binary data. To change the stored information, data 
must be shifted in and out. There are two ways of shifting this data—in parallel 
and in series. 


10-8.1 The Parallel Shift or Parallel Input Register 


With a parallel shift register data is changed simultaneously in all flip-flops on 
the triggering edge of the clock. Figure 10-16 is a sample of a parallel shift 
register. Notice that data go into and out of each flip-flop entirely independent 
of the other. The only signal the flip-flops have in common is the CLOCK. 


10-8.2 The Serial Shift Register 


Clk 





With a serial shift register the flip-flops are connected in cascade. Data are 
introduced into the first stage one bit at a time. Each clock pulse then moves 
this bit to the succeeding unit. If the register has four stages, it will take four 
clock pulses to load it with four bits of input data. 





Output Output Output Output 
A B C D 


Fig. 10-16 Parallel shift register. 
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Figure 10-17 contains a serial shift register. The Q output of stage n is 
connected to the SET terminal of stage (n + 1) while the Q output is con- 


nected to the RESET terminal. This means that if stage n contains a binary 
“1,”? the SET terminal of stage (n + 1) will be HIGH and the RESET terminal 
LOW. Therefore, the next CLOCK will set stage (n + 1) and insert a binary 
“1”? into it. As a result, the binary “‘1”’ is shifted from one stage to the next. 
In the same way a binary “‘0”’ can be transferred by reversing the HIGH and 
LOW on the outputs of stage n. 


Example 10-2 The serial shift register in Fig. 10-17 originally contains 0000. 
How many clock pulses will it take to insert binary data 1001 into the register? 
Describe the position of the register after each clock pulse. 


Solution It will take four clock pulses to put four bits of data into the register. 
The initial condition and the status of the shift register after each clock pulse 
are shown in Fig. 10-17. 


a. Initial condition: The register contains all ‘‘zeros.”’ the Q lines are all 
LOW and the Q lines HIGH. A “1” or SET condition is on the input 
to stage A awaiting action at the first clock interval. 

b. After first CLOCK: Stage A is SET. The Q line is now HIGH and the 
Q line LOW, putting a SET condition on stage B. The input is now 
“‘7zero”’ which puts a RESET condition on stage A. 

c. After second CLOCK: Stage B is SET and stage A is RESET. A SET 
condition is placed on stage C and RESET condition on stage B. The 
input does not change because the next bit is still a “zero.” 

d. After third CLOCK: Stage C is SET and stage B is RESET. Stage A, 
with no change in input, remains at “zero.” Each stage places the 
corresponding SET or RESET condition on the subsequent stage. 
The input becomes a “1.” 

e. After fourth and final CLOCK: Stages D, C, and B have the bit from 
the previous stage. The input “‘1”’ is shifted into stage A. As a result, 
1001 is now in the register. 


Inspection of Fig. 10-17 will show how the bits move from left to right advanc- 
ing one stage after each clock pulse. 


To get output information from a serial shift register, the shift process is 


continued and the information is taken from the last stage. It takes as many 


pulses as stages to get the information out. 


Example 10-3 Explain how the binary data 1001 is taken from the shift 
register in Fig. 10-17. 








Fig. 10-17 Operation of serial shift register. (a) Initial condition, OOOO. (b) After first 
CLOCK, 1000. (c) After second CLOCK, 0100. (d) After third CLOCK, 0010. (e) After 
final CLOCK, 1001. 
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Solution On each clock pulse the 1001 shifts one stage to the right as in the 
input operation. The digit in stage D is consequently shifted out after the first 
clock pulse. After four clock pulses, the data are completely shifted out. 


Frequently, information is moved from one register A to another B. In 
this case the last stage of register A becomes the input to register B. For A the 
process is a shift out; for B it is a shift in. 

Unless new information is put into a register there is no point in de- 
stroying what is there. To maintain information that is being shifted out of a 
register, the data can be simultaneously transferred from the output to the 
input. This is called an end-around shift in which, as the name implies, the 
output of the final stage is connected to the input of the first. 

This is just an introduction to the shift register. There are combinations 
of serial-parallel, gated recirculation of output to input, bidirectional shift, 
and other variations. However, Chapter 10 is on flip-flops and the objective 
of this section is to show a flip-flop in a major application. For further infor- 
mation on shift registers a text on medium-scale circuits is recommended. 


10-9 THE TOGGLE OR T FLIP-FLOP 


The T flip-flop has only one input—the CLOCK. Every time the clock pulse 
arrives the output changes state. This process is called toggling or com- 
plementing. 

The action of this flip-flop is shown in Fig. 10-18 in both block and logic 
schematic form. As can be seen, the interior is a M/S flip-flop with outputs 
cross-coupled to input. An edge triggered flip-flop (refer to Sec. 10-13) can 
also be used. 

In Fig. 10-18(a) the flip-flop is RESET. This puts a HIGH on the Q 
output and SET input; and a LOW on the QO output and RESET input. This 
enables gate 1 and disables gate 2. As a result, the CLOCK is steered to the 
SET side and puts the flip-flop into the SET state at the prescribed triggering 
time. This reverses or complements the state of the flip-flop. 

Now the unit is represented by Fig. 10-18(b). A HIGH is on the Q output 
and RESET input; and a LOW on the Q output and SET input. The next clock 
pulse is then steered through gate 2 to the RESET side and the flip-flop is 
triggered back to the RESET state. From here it is easy to see how subsequent 
clock pulses will alternately set and reset the T flip-flop. 


10-10 THE JK FLIP-FLOP 


The JK flip-flop can SET, RESET, TOGGLE, or remain the same, depending 
on the combination of levels placed on the inputs. The circuit in Fig. 10-19 is 
essentially a toggle flip-flop with added input terminals called J and K. With 
that in mind, it is easy to understand its operation. As with the toggle flip-flop, 
an edge-triggered flip-flop can be used instead of the MASTER-SLAVE. 
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(d) 
Fig. 10-18 Toggle flip-flop. 
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Fig. 10-19 JK flip-flop. 
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If the J and K terminals are both HIGH, the enabling and disabling of 
gates 1 and 2 depend upon the levels of the cross-coupled outputs. This is the 
same situation that occurs with the T flip-flop of the previous section. As a 
result, high J and K levels allow the flip-flop to toggle at the triggering time 
of the next clock pulse. 

A HIGH on J with a LOW on K makes gate 1 dependent upon Q while 
gate 2 is disabled. As a result, when the CLOCK arrives, the flip-flop will SET 
if O is HIGH or remain unchanged in the SET condition if Q is LOW. Ina 
similar fashion, the flip-flop will RESET or remain RESET if the input con- 
ditions are reversed. A LOW on both J and K will keep gates 1 and 2 disabled, 
_ preventing any change of state. 

The JK truth table is shown in Table 10-5. Note there is no indeterminant 
condition. 


TABLE 10-5 Truth Table for the JK FF. 


K Action Ona O04" 
H 4H _ Toggle On On 
H L Set H L 
L H Reset L H 
L L NC QO, QO, 
“n denotes now. 


10-11 THE COUNTER 


The counter is like a register in that it is a bank of flip-flops containing binary 
data. However, the clock pulse, instead of causing transfer of the data, causes 
the arithmetic value of the data to change by one. The basic block of a counter 
is the JK flip-flop in the toggle condition. 


10-11.1 The Asynchronous Counter 


With the asynchronous counter, the first stage is toggled from the CLOCK. 
However, each succeeding stage is toggled from the Q pulse of the previous 
stage. In other words the Q pulse becomes the CLOCK for the next stage. 

A three-stage asynchronous counter is in Fig. 10-20(a). Each stage has 
a “1” or high level on both the J and K inputs. This means it will toggle 
whenever the pulse applied to the clock terminal has a HIGH to LOW transi- 
tion. The waveforms of the input CLOCK and Q output of each stage are 
shown in Fig. 10-20(b). 

Starting with all stages RESET and making A the least significant bit of 
the data, the waveforms reveal that the first clock pulse puts a binary 1 into 
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Fig. 10-20 Asynchronous counter. 


the counter.’ The second CLOCK resets A which in turn sets B producing a 
binary 2. Table 10-6 is a summary of the counter status taken from the Q 
waveforms. It is interesting to note that after reaching its maximum position 
of 7, the counter returns to 0 on the next clock pulse. From this point the 
sequence repeats itself. 


10-11.2 The Synchronous Counter 


The synchronous counter operates with the clock pulse applied to all stages. 
To obtain the proper timing the JK terminals are controlled from the Q 


’The counter is drawn in Fig. 10-20 with the least significant bit of data on the left. 
Otherwise, the flip-flops would have to be turned around. 
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TABLE 10-6 Status of the Counter. 


Oc Oz On State 
L L L 0 
L i H 1 
L H L Zz 
iL H H 3 
H L i 4 
H i H 5 
H H L 6 
AH H H 7 
L £3 Lb 0 


outputs. Figure 10-21(a) contains a three-stage synchronous counter. The 
waveforms are the same as for the asynchronous type [Fig. 10-20(b)]. 
Notice from the connections in Fig. 10-21(a) that the JK terminals are 
either both HIGH or both LOW. This means that the flip-flops will either 
toggle or remain inactive when the clock pulse transcends from HIGH to 
LOW. As aresult, stage B will toggle when Q, is HIGH and stage C when Q, 





Clk 


(a) 


(b) 
Fig. 10-21 Synchronous counter. (a) Block diagram. (b) Propagation delay. 
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and Oz are HIGH. This can be observed from the waveforms in Fig. 10-20(b). 
Often the learner has difficulty accepting Q as HIGH at the time of triggering 
when Q supposedly switches LOW at this time. It is HIGH because of the 
propagation delay between the CLOCK triggering edge and the output re- 
sponse. [See Fig. 10-21(b).] 

The objective of this section is to show an application of the flip-flop. 
There are various modifications and types of counters along with terminology 
which are not intended to be under the coverage of this text. If the reader is 
interested in knowing more about counters, he/she will find the above infor- 
mation useful background. 


10-12 THE D FLIP-FLOP 


The D flip-flop® has only one input line in addition to the CLOCK. It SETS 
if that line is HIGH; RESETS if LOW. These are the only two possibilities. 
Wiring is minimized, and the circuit is especially useful for both parallel and 
serial shift registers. Figure 10-17 contains a serial shift register. Use of D 
flip-flops could accomplish the same result with one wire from Q to D con- 
necting the stages. 


10-12.1 Operation of D Flip-Flop 





_ The internal structure of the D flip-flop can be represented by Fig. 10-22(a). 


The inside block drawn with dashed lines is a synchronous flip-flop. The 
inverter assures that the RESET input has the opposite level from the SET. 
When D is HIGH, the synchronous flip-flop is placed in SET condition and 





(a) (b) 
Fig. 10-22 D flip-flop. (a) Operation. (b) Block diagram. 


8 D stands for delay. Assume, at a given clock time, a “‘1” is placed on the D terminal from 
a preceding stage. The next clock pulse will set the D flip-flop putting the “1” at the output 
terminal. This produces a delay of one clock time in going from input to output. 
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achieves that state upon the appearance of the CLOCK. When D is LOW, the 
input conditions are opposite and the CLOCK resets the device. The truth 
table is very simple and is shown in Table 10-7. 


TABLE 10-7 Truth Table for the D Flip-Flop. 


D O44" Oa? 
H fed L 
Ve i H 


“n denotes now. 


10-12.2 Parallel Input Register 


A register of D flip-flops can, at the control of the CLOCK, accept parallel 
data from a bus. A bus is essentially a multiconductor transmission line used 
to transfer parallel bit information. Figure 10-23 shows a register working off 
a four-conductor bus. Usually the bus would have more lines, but four are 
used for simplicity. The conductors are driven by four distinct remote sources 
and each may be at a HIGH or LOW voltage level. | 

The CLOCK is gated so that it only triggers the register at a controlled 
time. When this time occurs, the D flip-flops SET or RESET depending upon 
the voltage levels on the bus. The register now contains the same information 
as the bus, which can be temporarily stored and taken from the outputs when 
needed. It is easy to see why the register uses D flip-flops. Otherwise, the bus 
would have two lines for each bit of data. 


poe 


Fig. 10-23 Four-bit register operating with bus input. 
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10-12.3 Four-Bit Bistable Latch 


The four-bit bistable latch resembles four D flip-flops in a chip. Each unit has 
a D input, but the CLOCK is replaced with a signal called ENABLE. When 
ENABLE is HIGH, the D input will be transferred to the output. When 
ENABLE is LOW, the output cannot be changed. This circuit can be used as 
a parallel input register in the previous application by applying a gated clock 
pulse to the ENABLE terminal. The function is the same. The 7475 and 7477 
are type numbers of the 4-bit bistable latch. 


10-13 EDGE TRIGGER 


Although the strobed latch and master-slave flip-flop trigger at a time related 
to the edge of the CLOCK, the actual triggering is due to the change in level 
of the CLOCK and they are classified as level triggered. 

Edge triggering is due to the CLOCK edge itself. A spike or very short 
pulse is generated from the edge and this is passed through the steering gates. 


Example 10-4 Edge triggering can be demonstrated using a differentiator. 
However, it is to be pointed out that this method is not readily used in a 
flip-flop chip. 

A circuit is shown in Fig. 10-24. R and C have a short time constant and 
differentiate the CLOCK. This gives a positive spike on the positive CLOCK 
edge. The negative spike on the negative edge is clipped out by the diode 
(refer to Sec. 5-4). The positive spike is then steered to either side of the latch 
depending upon the SET and RESET inputs. 


10-13.1 Positive Edge Trigger 


The positive edge-triggered flip-flop has a means of disabling the input gates 
immediately after the positive edge of the CLOCK passes through. In this way 
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Fig. 10-24 An explanation of edge triggering using a differentiator. 
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Fig. 10-25 Positive-edge-triggered flip-flop. 


the flip-flop is inactive until the next positive edge and ignores any change of 
data during the CLOCK interval. 

In Fig. 10-25 gates 1 through 4 form a strobed latch in which the CLOCK 
can be steered to either side. Gates 5 and 6 provide an input to the steering 
gates which is controlled by the CLOCK. 

Assume initial conditions with SET information on the input terminals 
and the CLOCK low. The low CLOCK level puts a high output on gate 5 
which appears at the input of gates 1 and 2. 

When the CLOCK arrives, it is steered through gate 1. The output of 
gate 1 then goes LOW, putting a LOW level on gate 3. Since the input to gate 
4 is already HIGH, coming from gate 2 which has a low input, the output latch 
switches, making Q HIGH and Q LOW. During this time, the CLOCK also 
operates inverter 7, putting a LOW level on gate 6 while the input to gate 5 
is now HIGH. Since gates 5 and 6 are in the form of a latch, the respective 
inputs cause it to switch, and gate 5 goes LOW. This action puts a LOW level 
on gates 1 and 2 and shuts them off a time ¢, after the positive edge of the 
CLOCK. t, is determined by the propagation delays of the inverter the 5-6 
latch and gate 1.’ 





° The propagation delay of a flip-flop is discussed in Sec. 10-15.2. Due to the quick closing 
of gate 1, the triggering pulse to gate 3 is very short. The propagation delays of the inverter and 
5-6 latch have to be long enough to give this triggering pulse sufficient width to trigger the output 
latch. 
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Fig. 10-26 Timing chart—positive edge trigger. 


When the CLOCK returns to its low level, the initial levels on the input 
gates and 5-6 latch are resumed. As a result of these steps, the steering gates 
are closed for the entire clock period except for the brief time ¢, immediately 
after the positive edge. The voltage levels at significant points for the three 
time intervals are shown in the figure. 

Figure 10-26 shows the various propagation delays which produce the 
timing relationships resulting in the brief opening of steering gate 1. 


10-13.2 Negative Edge Trigger 


The negative edge-triggered flip-flop must operate from a positive clock pulse 
like the other synchronous flip-flops. This means the CLOCK must be kept 
ineffective while it is HIGH and then take advantage of a plopaganon delay 
to provide a triggering pulse on its descent. 

An example of a negative edge-triggered flip-flop is shown in Fig. 10-27. 
This is the circuit employed in several TTL low-power, high-speed units.'® The 
preset and clear connections are omitted for simplification. They are asyn- 
chronous and assumed inactive when the flip-flop is operating from the 
CLOCK. 

The odd-numbered gates contain the SET input and Q output, while the 
even numbered embody the RESET input and Q output. Gates 1 and 2 steer 
the CLOCK to the selected side. The NOR gates provide the output and are 
HIGH only when both preceding AND gates are LOW. Due to the cross- 
coupling, one NOR is held HIGH while the other is held LOW. 

The CLOCK goes directly to gates 5 and 6 and is inverted by the steering 
gates before appearing at gates 3 or 4. Due to the propagation delay of the 
steering gates, the inverted CLOCK lags the input CLOCK. This delay plus 
the overlap of these two clock pulses inhibits any response until the negative 
edge of the CLOCK. 





LS73, LS76, LS112, LS78, LS114, and LS113. 
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L > Low O 
H > High Clk 


Fig. 10-27 Negative-edge-triggered flip-flop. 


Assume that the flip-flop is in the RESET condition with J HIGH and 
K LOW. The waveforms in Fig. 10-27 indicate significant levels throughout 
the circuit and are marked with a zero prior to the appearance of the CLOCK. 
Note that the output of gate 7 provides low levels to gates 4 and 6. The 
subsequent LOW outputs of these gates make NOR gate 8 and the QO output 
HIGH. Gate 8 in turn transmits high levels to gates 3 and 5. Since gate 3 also 
has a HIGH input from steering gate 1, it places a high-level input on NOR 
gate 7 making the Q output LOW. 

The appearance of the CLOCK causes the inputs to the AND gates to 
change. This is indicated as interval 1 on the waveforms. When the CLOCK 
input to gate 5 goes HIGH, the inverted CLOCK input to gate 3 goes LOW. 
This moves the HIGH input from one leg of gate 7 to the other. Since gate 5 
is connected directly to the CLOCK, it switches before gate 3. As a result, gate 
7 has a HIGH input during and after the transition and Q remains LOW while 
the CLOCK is present. Being LOW, gate 7 continues to hold OQ HIGH 
through gates 4, 6, and 8 as before. 
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When the CLOCK returns to its low level (time interval 2), it switches 
gate 5 LOW. Due to the propagation delay of gate 1 and the subsequent delay 
of the inverted CLOCK, gate 3 is stil] LOW. With both inputs LOW, gate 7 
and Q go HIGH. When gate 7 goes HIGH it puts this level on gate 4. Since 
gate 4 is activated by the high level from gate 2, gate 4 places a high level on 
gate 8. O then goes LOW and puts a LOW on gate 3 before the inverted 
CLOCK returns to HIGH. The output of gate 3 then remains LOW and, in 
conjunction with the low output from gate 5, holds gate 7 HIGH. 

The timing at crucial points is shown in Fig. 10-28. Notice the signifi- 
cance of propagation delays. Since several gates must switch during the delay 
between the trailing edges of the direct and inverted CLOCKs, gates 3 through 
7 must have very short propagation times relative to gates 1 and 2. 
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Fig. 10-28 Timing chart—negative edge trigger. 
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It is easy to see that the flip-flop can be RESET by reversing the function 
of the odd and even gates. The connection between Q and gate 2 and O and 
gate 1 gives the cross-coupling necessary to toggle in /K operation. Since these 
connections open one steering gate and close another while J and K are both 
high, the toggling operation involves the same action as SET and RESET. 


10-14 MASTER/SLAVE vs EDGE TRIGGERING 


Since the MASTER-SLAVE triggers at the trailing edge of the CLOCK, it is 
natural to assume that the master-slave and negative edge triggered flip-flops 
would be synonymous in their operation. This is true if the input data arrive 
before the CLOCK and remain during the clock interval. However, if the SET 
or RESET pulse changes within the CLOCK interval, there are differences to 
consider. 

To review, the edge-triggered flip-flop responds to the input condition 
when the respective CLOCK edge comes along. This means that data can be 
changed during the clock time. To assure reliable operation with a MASTER- 
SLAVE, however, data must remain consistent during the clock interval or 
data lockout employed. The timing diagram in Fig. 10-29 shows the response 
of the three types of triggering to various conditions of input relative to the 
CLOCK. Observe the following: 


a. The positive edge trigger picked up the J input and SET on clock 
pulse 4. There was no response to pulse 5. 

b. The negative edge trigger picked up the J and K inputs and TOG- 
GLED on clock pulse 5. There was no response to pulse 4. 

c. Assuming conditions sufficient to allow reliable triggering, the 
MASTER-SLAVE responded to clock pulse 5. This is not always 
possible and impossible with data lockout. 

d. With data lockout the master-slave flip-flop responded to the same 
pulses as the positive edge trigger but switched at the negative edge. 


10-15 OVERVIEW OF TTL FLIP-FLOPS 
10-15.1 Function 


Appendixes 10-1 through 10-3 show the function table and pin diagrams of the 
TTL 70 series. As can be seen, all are synchronous with asynchronous termi- 
nals to initially CLEAR and/or PRESET. The purpose and type of trigger is 
defined for each type. 

The purpose falls under three headings: JK, D, and RS. There are also 
three types of triggering: M/S, +Edge, and —Edge. Note the notation used 
for triggering in the CLOCK column of the function table. An arrow is used 
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Clk | 2 E 4 5 


QM/S | | — 
(Data lockout) 

Qt edge | | | 

O4 edge ee es ee 


Fig. 10-29 Comparative operation—M/S, ft edge, | edge. 


to indicate edge triggering while a pulse symbolizes the M/S. This is because 
the master-slave triggers on a level change of the clock pulse. In connection 
with this, the bubble on the CLOCK terminal refers to the edge itself with a 
negative edge-triggered flip-flop while it implies a high-to-low level shift of the 
CLOCK with a MASTER-SLAVE. 

The inputs to the J, K, R, S, and D terminals are all active HIGH. Some 
types bring these inputs into logic gating to expand the fan-in. 


10-15.2 Electrical Characteristics 


The electrical characteristics of a number of TTL flip-flops are presented in 
Appendix 10-4. Since the flip-flop is made up of a number of logic gates and 
operates in a system made up of such gates, it is only natural to expect 
input-output current and voltage specifications equivalent to those of the logic 
gate. The appendix demonstrates this. In fact, in this respect the flip-flop 
characteristics are almost identical to those of the 7400 NAND gate. There are 
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a few exceptions like the CLEAR and PRESET inputs and the CLOCK which 
take more input current. 

Due to various delays within the chip, the CLOCK has minimum pulse 
and space width requirements. These are referred to as minimum pulse width: 
CLOCK HIGH and CLOCK LOW in Appendix 10-4. A sample of a pulse just 
meeting these requirements for the 7470 is shown in Fig. 10-30. 


20 nsec 
7] a ee 30 nsec 


Fig. 10-30 CLOCK with minimum width and space (TTL 7470). 


The propagation delay is the time between the triggering edge and the 
output measured at the 50% points. (See Fig. 10-31.) The propagation delay 
can exceed the minimum pulse width. 

To trigger, it is usually necessary to have the input data arrive a short 
time before the triggering edge and remain a short time after. These are called 
the setup and hold times and are shown in Fig. 10-32. Appendix 10-4 lists these 
times in reference to a particular edge of the CLOCK. For edge-triggered 
flip-flops like the 7470, 7474, and 74109 this is naturally the triggering edge. 
For the master-slave flip-flops with data lockout (74110 and 74111), reference 
is to the triggering edge of the MASTER. Although the input information is 
transferred to the output at the trailing edge of the CLOCK, the input data 
must encompass the leading edge. For the master-slave flip-flops without data 






CLOCK 


—— —|———|— — 50% 





Q 


Fig. 10-31 Propagation delay. 
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CLOCK — —}|—-——|--—— 50% 


Input 
data 





Positive edge trigger Negative edge trigger 


Fig. 10-32 Setup time (a) and hold time (6). 


lockout (7472, 7473, 7476, and 74107) note 0 ? setup and 0 | hold (both 
minimum values). This means data can be set up any time prior to the positive 
transition of the CLOCK and must be held until the negative transition. 
Following this assures reliable triggering. 


10-16 CMOS FLIP-FLOPS AND COMPARISON WITH TTL 
10-16.1 Types 


In the preceding sections of this chapter TTL units have been used for exam- 
ples, with a partial listing in Appendixes 10-1, 10-2, and 10-3. Due to the 
various types of triggering, input gating and asynchronous terminals, the basic 
JK and D functions can be expanded into a formidable number of types. In 
addition, dual units can be independent or have common CLOCK and 
CLEAR input. 

In comparison, CMOS flip-flops are concentrated into a much smaller 
list. Inspection of the catalogs of three major manufacturers reveals the fol- 
lowing units: 


era Dual D with asynchronous SET and RESET. 


4013A 


4027B 
4027 nm Dual JK asynchronous SET and RESET. 


4076B Quad D with asynchronous common or master RESET, 
3-state outputs (Q only) and gated input and output ENABLE. 


4095B JK with 3-input gated J and K terminals and asynchronous 
SET and RESET. 


4096B Same as 4095B with one each J and K input active LOW. 
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40174B Hex D with common CLOCK and common active LOW asyn- 
chronous RESET, Q outputs only. 


40175B Quad D with common CLOCK and common active LOW 
asynchronous RESET. 


Note that two are A-series while the reset are buffered B-series. All 
synchronous triggering is on the positive-going CLOCK transition while asyn- 
chronous operation is mostly active high. There is also the tendency to develop 
multiple D units, sacrificing and combining functions to stay within the lead 
limits of the chip. For example the 40174B Hex D has common CLOCK and 
RESET inputs and only Q outputs. 


10-16.2 Electrical Characteristics 


Electrically, the B-series flip-flops have the same voltage levels, noise mar- 
gins, and output currents as the B-series gates. (Refer to Tables 9-5 and 9-7.) 
Also, comparable with gates, the speed of operation improves with increased 
supply voltage. 

Indicative of CMOS circuits, they are generally slower than their TTL 
counterparts. With various types it is difficult to list quantitative comparisons. 
However, it is safe to say that the faster CMOS flip-flops at higher supply 
voltages compare favorably with L series TTL units in propagation delay and 
approach standard TTL units in setup time. They also can operate with shorter 
clock pulse widths than the L series but require appreciably wider clock pulses 
than the standard TTL units. 


SUMMARY 


A flip-flop or bistable multivibrator is a circuit that will remain in one of 
two possible states until placed in the other. There are two inputs called SET 
and RESET (sometimes called CLEAR). When a SET pulse arrives, the 
flip-flop sets and remains in that position until the RESET pulse is applied. 
The flip-flop remains unchanged when either pulse is removed. 

A flip-flop has two output terminals called Q and Q. The voltages at these 
terminals are always opposite or complementary. When the circuit is SET, QO 
is HIGH and Q is LOW. The opposite prevails when the circuit is RESET. 

The simplest flip-flop is formed by cross-coupling gates. This construc- 
tion is called a SET-RESET flip-flop (SRFF) or a latch. 

A NAND latch is a SRFF made up of cross-coupled NAND gates. The 
unit is SET or RESET with a LOW level on the designated terminal and a 
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HIGH level on the opposite. When both inputs are HIGH the flip-flop re- 
mains in its present state. 

A NOR latch is a SRFF made up of cross-coupled NOR gates. The unit 
is SET or RESET with a HIGH level on the designated terminal and a LOW 
level on the opposite. When both inputs are LOW, the flip-flop remains in its 
present state. 

The CLOCK terminal provides an additional input for a triggering pulse. 
This pulse will either SET or RESET the flip-flop depending upon the levels 
applied to the SET and RESET terminals. 

The CLOCK is a periodic sequence of triggering pulses. The STROBE 
is an aperiodic set of triggering pulses. The response of a flip-flop to both 
CLOCK and STROBE pulses is the same. 

A flip-flop that is triggered by a CLOCK or STROBE pulse is said to be 
synchronous. In a synchronous flip-flop the triggering pulse determines when 
the unit is activated. 

A flip-flop that is triggered directly from the SET and RESET terminals 
is asynchronous. Some synchronous flip-flops have additional asynchronous 
inputs to put the flip-flop into an initial state. Asynchronous inputs have 
priority in operation. 

A strobed latch (or clocked SR) is asynchronous flip-flop in which a latch 
is preceded by a set of gates called steering gates. The steering gates are 


controlled by the SET and RESET inputs and steer the CLOCK or STROBE 


pulse to the selected side of the latch. 

A master-slave flip-flop is essentially two successive strobed latches. ‘The 
first, called the MASTER, is triggered by the CLOCK (or STROBE); the 
second, called the SLAVE, is triggered by the inverted CLOCK. The Q and 
O outputs of the MASTER are, respectively, connected to the SET and 
RESET inputs of the SLAVE. The input is to the MASTER; the output is 
from the SLAVE. At the arrival of the CLOCK, the MASTER SETs or 
RESETs depending upon the status of the input terminals. At the conclusion 
of the CLOCK, the inverted CLOCK becomes active and puts the SLAVE 
into the same state as the MASTER. 

The output of a master-slave flip-flop changes at the end of the CLOCK 
interval. Since the MASTER is inactivated at this time, the input is isolated 
from the output. The isolationmakes it impossible for the master-slave flip- 
flop to respond to information caused by changes in output until the next clock 
pulse. 

Although the information is moved into the SLAVE at a definite time, 
the MASTER will respond to changes in input during the CLOCK interval. 
This can lead to a marginal condition. To prevent this marginal condition, it 
is desirable to have the input information in position before the CLOCK 
arrives. Some master-slave flip-flops have data lockout to prevent response to 
input changes while the CLOCK is active. 
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A shift register consists of two or more synchronous flip-flop stages 
connected Q to SET and Q to RESET (or one line from Q to D). At either 
the arrival or departure of the clock pulse, each flip-flop assumes the informa- 
tion in the previous stage. 

A toggle flip-flop has only a CLOCK terminal. Each clock pulse causes 
the unit to complement or change state. A strobed latch can be converted into 
a toggle flip-flop by cross-coupling Q to RESET and Q to SET. 

A JK flip-flop is a synchronous flip-flop that can be SET, RESET, or 
TOGGLEd by the clock pulse. The input terminals, called JK, determine 
which of the three conditions will be imposed as follows: 


J HIGH, K LOW — SET 
J LOW, K HIGH — RESET 
J HIGH, K HIGH — TOGGLE 


A counter is a sequence of synchronous flip-flop stages (generally JK) 
which assumes a binary number that is changed by one every clock pulse. In 
an asynchronous counter each stage is always in TOGGLE condition and is 
CLOCKed by the output of the previous stage. In a synchronous counter the 
clock pulse triggers all stages simultaneously. Each stage will or will not 
TOGGLE depending upon the status of the previous stages. | 

A D flip-flop is a synchronous flip-flop which has only one terminal in 
addition to the CLOCK. When this terminal (called D) is HIGH, the CLOCK 
will cause the flip-flop to SET. When this terminal is LOW, the CLOCK will 
cause the flip-flop to RESET. 

An edge-triggered flip-flop is a synchronous flip-flop that triggers on the 
positive or negative edge of the clock pulse. The circuit will respond only to 
information that is on the input terminals during the brief interval surrounding 
the triggering edge. 

Since the negative edge of a pulse occurs at the same time the clock level 
goes from HIGH to LOW, both the negative edge-triggered and master-slave 
flip-flops trigger at the same time. However, whereas the edge-triggered cir- 
cuit responds to input information present at the time of the edge, the master- 
slave unit requires the information on the input terminals when the clock level 
goes from LOW to HIGH to reliably trigger. Data lockout assures this. 

Propagation delay of a flip-flop is the time between the triggering im- 
pulse and the change of the output response on Q or Q. 

To prevent marginal operation, new input information to a flip-flop must 
appear a short time prior to the triggering impulse and be held a short time 
after. The former is called setup time. The latter is called hold time. 

Due to various delays within the chip, the clock waveform has minimum 
pulse and space width requirements. These are referred to as the minimum 
pulse width CLOCK HIGH and the minimum pulse width CLOCK LOW. 
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PROBLEMS 


1. Assume voltage levels of ground and +4 V in Fig. 10-33. 
a. What is the voltage on the Q side after a SET pulse? 
b. What is the voltage on the Q side after a SET pulse? 
c. What is the voltage of QO after a RESET pulse? 





Fig.. 10-33. 


2. In problem 1 is the Q side output HIGH or LOW when the flip-flop is 
RESET? 

3. Assume voltage levels of +4 V and ground. The flip-flop in Fig. 10-34 is 
initially RESET. What is the voltage on the Q side after three pulses are 
applied to the CLOCK? What is the name given to this flip-flop? 


Clk ——d> 


Fig. 10-34. 


4. Use Fig. 10-35. Again assume voltage levels of +4 and ground. 
a. Where is a SET pulse applied? 
b. Is it the pulse in Fig. 10-35(a) or (b)? 
c. What voltage must be applied to the opposite terminal to allow a SET? 
d. What are the voltages at Q and Q when in the SET condition? 
e. How do you RESET the flip-flop? 


Q 


& 
| 
a 
on) aS 
ah 
oO & 


Fig. 10-35. 
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5. Repeat problem 4 for the circuit in Fig. 10-36. 


A 
Q 
¥ Q 
Fig. 10-36. 
6. The voltages at Q and Q for problem 5 are +4 and 0, respectively. 


ne 


a. 


b. 
C. 
a. 


b. 


What are these voltages if A and B are brought to +4? 

What are these voltages if A and B are at ground? 

What are these voltages if A is made +4 and B is made ground? 
Assume the circuit in problem 4 and the following information: 
tput = 30 nsec, t,,y = 40 nsec, and rise time and fall time negligible. 
Initially the flip-flop is SET. If a negative RESET pulse (+5 to 0) is 
applied, what minimum pulse width is required? 

If the outputs of each gate have appreciable rise and fall time, would 
the above pulse width be correct? Why or why not? 


. What do the circles mean on the asynchronous SET and CLEAR termi- 


nals? What do they mean on the CLOCK terminal? 


. Change the circuit in problem 4 to a strobed latch (clocked RS). 
. Change the circuit in problem 5 to a strobed latch. 
. Will a strobed latch trigger at the transition of the leading or trailing edge 


of the clock pulse? 


. What is the difference between asynchronous and synchronous oper- 


ation? 


. Add an additional input to both the SET and RESET sides in problem 9. 


Draw the block diagram. 


. Using Table 10-4 for problem 13, determine the output of the Q side of 


the flip-flop as HIGH or LOW with the following conditions of input. 
Assume initially RESET. 


ao ms ao & & 


.S,=H, S,=L, Ri =L, and R, =H. 

.9,;=H, S.=H, R, =L, and R,=L. 

. 5,;=H, S,;=H, R, =H, and R, =H. 

. State conditions of the four inputs to reset the flip-flop. 

. What is meant by edge trigger? 

. Is edge trigger synchronous? 

. What does your answer in problem 15b mean? 

. What is the difference between an edge-triggered flip-flop and a 


strobed latch? 
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16. a. What is the difference in function between an edge-triggered and a 
M/S flip-flop (i.e., difference in conditions for triggering)? 
b. Which is said to have level triggering? 
17. Convert the circuit in Fig. 10-35 to a M/S flip-flop. 
18. a. Does an M/S flip-flop trigger at the leading edge? 
b. Does an M/S flip-flop trigger at the trailing edge? 
c. Repeat the above for an edge-triggered flip-flop. 


Refer to the 7470J flip-flop in Appendixes 10-1 and 10-4 for problems 19 
through 25. 


19, The flip-flop is SET. 
What voltage is at terminal 8? 
What voltage is at terminal 6? 

20. What voltage levels must be applied at terminals 9, 10, 11, 3, 4, and 5 to 
reset the flip-flop at the next clock pulse? 

21. For the input levels applied in problem 20, state when the flip-flop will 
trigger if exposed to the pulses (a) and (b) in Fig. 10-35. 

22. a. Connect the 7470J for T operation. 
b. What will happen at each clock pulse? 
ec. How much current is available for drive at each output? 

23. Connect the 7470J as follows: 
Terminal 10 to terminal 8 
Terminal 4 to terminal 6 
If terminals 3 and 11 have the following voltages and the flip-flop is in the 
condition indicated, will the flip-flop SET, RESET, TOGGLE, or remain 
unchanged? (Assume terminals 5 and 9 are at ground.) 








Terminal 3 Terminal 11 Condition Result 
+4 0 O HIGH 
0 +4 SET 
0 +4 OFF 
+4 0 O LOW 
+4 +4 RESET 
+4 +4 ON 





24. A signal should be applied to which terminal to CLEAR the flip-flop 
asynchronous to the clock? What is the maximum or minimum value of 
this signal? What maximum or minimum voltage should be applied to the 
PRESET terminal during this time? 

25. Convert the 7470J to a D flip-flop. Show connections. 

26. What is the advantage of a D flip-flop over a JK for use as a shift register? 

27. a. In the CLOCK column of the function table (Appendix 10-1), what is 

the difference in meaning between an arrow and a pulse? 
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b. In the same function table, what is meant when the terminals are 
expressed as H, L or X? 
28. A JK flip-flop is initially CLEAR. Draw the Q output in time relationship 
to the CLOCK for: 
a. M/S flip-flop, 
b. Positive edge-triggered flip-flop, 
c. Negative edge-triggered flip-flop, using the JK data in Fig. 10-37. 


Fig. 10-37. 


29. Draw the CLOCK and Q waveforms for the 7470 flip-flop with typical 
propagation delay. Use Appendix 10-4. 

30. Repeat problem 29 with the 7476 flip-flop. 

31. When using the 7470: 
a. By what time interval must the data precede the triggering edge? 
b. By what time interval must the data remain after the triggering edge? 

Use Appendix 10-4. 
32. Repeat problem 31 using the 7476. 


APPENDIX 10-1: 54/74 Families of Compatible TTL Circuits. 


FLIP-FLOPS ... LOGIC AND PIN ASSIGNMENTS (TOP VIEWS) 
AND-GATED J-K POSITIVE-EDGE-TRIGGERED FLIP-FLOPS WITH PRESET AND CLEAR 











70 FUNCTION TABLE Vcc PR CK K2. KI K Q K2 K Q GND @ J J2 


INPUTS OUTPUTS 

































[PRESET CLEAR CLOCK JK |Q_ | 
L H x ™@’ XH oeL 

x x L H 
x x |He 
L L Qo Qo 
H Lin tL 
LH L H NC CLR wt J2 J OG GND K1 CK PR Vcc CLR NC Ji 
: : TOGGLE SN5470/SN7470(J, N) SN5470/SN7470(W) 





Qo Qo 
positive logic: J = J1 oJ2ed 

K=K1eK2°*K _ 

If inputs J and K are not used, they must be grounded. 


See page 120 NC—No internal connection 


AND-OR-GATED J-K MASTER-SLAVE FLIP-FLOPS WITH PRESET 






















K1A K2B K2A 


a 


CK 


Q PR 





K2A K1B 





K2B 







FUNCTION TABLE 


INPUTS OUTPUTS 
PRESET CLOCK J K | Q_ Q| 































JIA JIB =J2A = JJ2B PR Q K1A K1B JIA JIB 2A 





Vcc 





TOGGLE 
positive logic: J = (J1A°J1B)+(J2A*J2B) 
K = (K1A°K1B)+(K2A*K2B) 






SN54H71/SN74H71(J, N) SN54H7 1/SN74H7 1(W) 


See page 124 







Vcc PR 






FUNCTION TABLE 
INPUTS OUTPUTS 
PRESET CLEAR CLOCK Ss R| Q a | 


















CLR S1 $2 R1 CK PR Vcc® CLR’ NC $1 





x 
Xx 
x 
L 
L 
H SN54L71/SN74L71(J, N) SN54L71/SN74L71(T) 
H | INDETERMINATE 
positive logic: R= R1i°R2°R3 

S = $1°S2°S3 
See page 128 


NC—No internal connection 


H = high level (steady state), L = low level (steady state), X = irrelevant 

t = transition from low to high level. 

SL = high-level pulse; data inputs should be held constant while clock is high; data is transferred to output on the falling edge of the pulse. 
Qo = the level of OQ before the indicated input conditions were established. 

TOGGLE: Each output changes to the complement of its previous level on each active transition (pulse) of the clock. 

*This configuration is nonstable; that is, it will not persist when preset and clear inputs return to their inactive (high) level. 


Courtesy Texas Instruments 


455 





APPENDIX 10-2: 54/74 Families of Compatible TTL Circuits. 


FLIP-FLOPS ... LOGIC AND PIN ASSIGNMENTS (TOP VIEWS) 
AND-GATED J-K MASTER-SLAVE FLIP-FLOPS WITH PRESET AND CLEAR 


FUNCTION TABLE 


Voc PR CK K3~ K2~ Ki 


| INPUTS sf OUTPUTS, 


PRESET CLEAR CLOCK 


J 
X 
X 
x 
L 
H 
L 


H 
positive logic: J = J1*J2°J3; K1*K2°K3 


NC CLR Jl J2 J3 


SN5472/SN7472(J, N) 
SN54H72/SN74H72(J, N) 
SN54L72/SN74L72(J, N) 


K3 K2 


K1 CK PR Vcc CLR ANC 


SN5472/SN7472(W) 
SN54H72/SN74H72(W) 
SN54L72/SN74L72(T) 


See pages 120, 124, and 128 NC—No internal connection 


DUAL J-K FLIP-FLOPS WITH CLEAR 


10 10 GNO 2K 2 


'73, 'H73, 'L73 ’LS73 
FUNCTION TABLE FUNCTION TABLE 


INPUTS OUTPUTS INPUTS OUTPUTS 
CLEAR cLtock » «| a | |ctearR crock » x] a 4a 
LH 


x 
Qo Ao 

Hoo 

L oH 
TOGGLE 


SN5473/SN7473(J, N, W) 
SN54H73/SN74H73(J, N, W) 
SN54L73/SN74L73(J, N, T) 
SN54LS73/SN74LS73(J, N, W) 


2D 2CK 2PR 20 


INPUTS 


PRESET CLEAR CLOCK D 


L Xx 


SN5474/SN7474(J, N) 
SN54H74/SN74H74(J, N) 
SN54L74/SN74L74(J, N) 
SN54LS74/SN74LS74(J, N, W) 
SN54S74/SN74S74(J, N, W) 


SN5474/SN7474(W) 
SN54H74/SN74H74(W) 
SN54L74/SN74L74(T) 


See pages 120, 124, 128, 130, and 132 





H = high level (steady state), L = low level (steady state), X = irrelevant 

JL =high-level pulse; data inputs should be held constant while clock is high; data is transferred to output on the falling edge of the pulse. 
t = transition from low to high level, | = transition from high to low level 

Qo = the level of OQ before the indicated input conditions were established. 

TOGGLE: Each output changes to the complement of its previous level on each active transition (pulse) of the clock. 

*This configuration is nonstable; that is, it will not persist when preset and clear inputs return to their inactive (high) level. 


Courtesy Texas Instruments 
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APPENDIX 10-3: 54/74 Families of Compatible TTL Circuits. 


FLIP-FLOPS ... LOGIC AND PIN ASSIGNMENTS (TOP VIEWS) 
DUAL J-K FLIP-FLOPS WITH PRESET AND CLEAR 


106 GNO 2K 20 20 


‘76, ‘H76 ’LS76 
FUNCTION TABLE FUNCTION TABLE 
PRESET CLEAR CLOCK J PRESET CLEAR CLOCK fa 6a] 
Ha 


H x 

L H 

H* He TPR Vec 20K 2PR 2 
= CLR CLR 

Qo Qo 

H L SN5476/SN7476(J, N, W) 

& H SN54H76/SN74H76(J, N, W) 

TOGGLE SN54LS76/SN74LS76(J, N, W) 

Qo Qo 


Irlirre«K K KIA 


TOGGLE 


Ett ft Pr ft FF 
x I I-Tr KK KIRK 


See pages 120, 124, and 130 


DUAL J-K FLIP-FLOPS WITH PRESET, COMMON CLEAR, AND COMMON CLOCK 


1PR CLR 23 2PR CK 2K 


‘H78, ‘'L78 
FUNCTION TABLE 


INPUTS 
PRESET CLEAR CLOCK 


qo 


10 VW 20 2Q GND 


SN54H78/SN74H78(J, N, W) 


K 
x 
x 
x 
L 
L 
H 
H 


IrrxtrsxM «x 


TOGGLE 


See pages 124 and 128 


16 GND 24 2a 


‘LS78 
FUNCTION TABLE 


INPUTS 
PRESET CLEAR CLOCK J 


H x 


SN54L78/SN74L78(J, N, T) 


SN54LS78/SN74LS78(J, N, W) 
TOGGLE 


Qo Qo 


rt ttre st ce 
x ©TrIerrK K KIRK 





H = high level (steady state), L = low level (steady state), X = irrelevant 

IL = high-level pulse; data inputs should be held constant while clock is high; data is transferred to output on the falling edge of the pulse. 
= transition from high to low level 

Qo = the level of Q before the indicated input conditions were established. 

TOGGLE: Each output changes to the complement of its previous level on each active transition (pulse) of the clock. 

* This configuration is nonstable; that is, it will not persist when preset and clear inputs return to their inactive (high) state. 


Courtesy Texas Instruments 
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APPENDIX 10-4: Series 54/74 Flip-Flops. 
SERIES 54/74 ‘70 es 
‘76, '107 


High-level output current, IOH 


Low-level output current, Io. 


recommended operating conditions 

















Clock high 


Pulse width, tw Clock low 


NO 
o 


Preset or clear low 


WO 
oO 
p= 
~N 
Wilw]w 
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APPENDIX 10-4 (continued) 


switching characteristics, Vcc =5 V, Ta = 25°C 
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a ces = maximum clock frequency; tp; 4 © propagation delay time, low-to-high level output; tpy,,; = propagation delay time, high-to-low-level output. 
NOTE 2: Load circuit and voltage waveforms are shown on page 148. 
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The Schmitt Trigger 


The Schmitt trigger is a circuit which accepts inputs with appreciable rise and 
fall times and puts out pulses or steps with very sharp edges. For example, it 
can turn a Sine wave into a square wave. 

Since the basic circuit has two stages with feedback from output to input 
and produces upper and lower levels, it has some similarity to a multivibrator. 
However, unlike a multivibrator, the position of the Schmitt trigger returns to 
its original level in conjunction with the input pulse. 

The Schmitt trigger is discussed at this point because it is used in the 
monostable multivibrator to “shape up”’ the input triggering pulse. The mono- 
stable multivibrator will be presented in Chapter 12. 


11-1 OPERATION AND THRESHOLD VOLTAGE 


460 


The operation of the Schmitt trigger can be explained using the circuit in Fig. 
11-1 which is part of the TTL 7414 Hex Schmitt trigger inverter. Starting with 
equilibrium at a low-level input, the conduction through Q, is very small. This 
causes the current through R,;, to flow into the base of Q,. By making R,, 
sufficiently low, this base current is enough to drive Q, into saturation giving 
a low output voltage level. 

When the input pulse heads positive, as shown in Fig. 11-2(a), the 
current through Q, increases. This current, also flowing through R,,, is di- 
verted from the base of Q2. With Q, in saturation, this transfer of current will 
continue with no appreciable effect on the output because there is usually 
excess base current (see Sec. 6-3.4). Due to this, there is a delay, depending 
on the rise time, before enough current is diverted from the base to drop Q, 
out of saturation. This delay effects the position of the positive-going thresh- 
old voltage,’ called V;, where switching takes place. 

The input reaches V;, when it diverts enough base current to cause Q, 
to drop out of saturation. At this point, things really happen. The collector 


“The positive- and negative-going thresholds are sometimes referred to as the upper and 
lower trigger points, respectively. 
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Fig. 11-1 Schmitt trigger. 


and emitter currents of Q, decrease appreciably. The reduction in /-, flowing 
through Rz, causes more emitter current to flow through Q, since the emitter 
voltage is held constant within Vz, of v,,. This causes increased collector 
current through Q, and further diversion of current from the base of Q, 
resulting in still lower J;,. A regenerative action occurs and the process rapidly 





Output 


OL 


(b) 
Fig. 11-2 Output versus input—Schmitt trigger. 
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continues until Q, saturates. Since the collector current of Q) is now very low, 
equilibrium is attained with a high voltage level on the output. [See Fig. 
11-2(b).] 

Below is a summary of the events which occur once triggering begins: 


V,, Increases 

Until Ic, mncreases 

O; Ty decreases 

saturates | I~, decreases ———> (Vo = Vout) increases 
Ir decreases 
I, Increases 


Further increase in the input level after the threshold is reached drives Q, 
harder into saturation increasing the base current. 

When the input heads negative, as in Fig. 11-2(a), the output voltage 
remains high while the excess base current is diverted from Q,. The time 
interval for this establishes the negative-going threshold voltage V;_. When 
the threshold is reached, Q, drops out of saturation and triggering once more 
begins. The collector current of Q; decreases and the current through R;, 
diverts to the base of Q,. This begins to turn on Q, increasing the collector and 
emitter current of that transistor. The increase in emitter current through Q, 
causes a decrease in emitter current through Q,.’ This causes a further de- 
crease in the collector current of Q, and the regenerative process begins in the 
opposite direction. This causes a rapid chain of events ending with equilibrium 
at the original conditions of Q, saturated and V,,, at a low level. [See Fig. 
11-2(b).] Summarizing the trigger action: 


V,, decreases 

Until rp Ic, decreases 

Op Iz. increases 

saturates | I~. increases ———~> (V~= Vou) decreases 
Ip creases 
I, decreases 


As the input decreases after triggering at V;_, additional current is diverted 
into the base of Q, driving it harder into saturation. 


11-2 RISE TIME, DELAY, AND HYSTERESIS 


As exhibited in Fig. 11-2, a signal with badly sloping edges can be “‘squared 
up” after passing through the Schmitt trigger. Such a circuit is very useful to 
reestablish a pulse after it is distorted going through a delay line or trans- 


*Both emitter currents have a common path through R; and V; is clamped to V,, through 
Vor. 
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mission line. [See Figs. 4-12(a), 4-14, and 4-21.] The Schmitt trigger is also 
used to. create extremely sharp triggering edges. Its employment in the mono- 
stable multivibrator mentioned in the beginning of this chapter is an example 
of this. 

Along with the spectacular improvement in rise and fall time there is an 
unavoidable delay. (Refer to Sec. 7-4.2.) This delay is affected by the time to 
reach the positive- and negative-going threshold voltages (V7, and V;_) and 
may or may not be significant depending upon the application. 

It is to be pointed out that the two threshold voltages occur at different 
input levels. This is indicated in Fig. 11-2. The difference between these two 
levels is called the hysteresis. The term hysteresis can be better understood in 
this application if the output voltage is plotted against the input voltage which 
is done in Fig. 11-3. To get information for this plot, assume the following: 


input levels of +3.4 and 0.2, 
output levels of +3.4 and 0.2, 
Vr = 1.7 V, 

Vr_ =0.9 V. 


At starting point a both the input and output are at low level. The output 
remains LOW as the input begins to increase. When V7; is reached at point 
b, the output immediately switches to its upper level shown at point c. After 
switching, the output remains constant while the input continues to increase, 





V7, = 1.7 V (point 5) 


V 


Pa 0.9 V (point e) 


l 2 3 4 


Fig. 11-3 Hysteresis—output versus input. 
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finally reaching its upper level. At point d both the output and input are 
HIGH. 

On return, the output stays HIGH until the input reaches V;_ at point 
e. The output then switches to LOW, as indicated by point f on the curve, 
while the input continues to decrease. Both levels are LOW at point a which 
is the initial condition. 

As can be seen from Fig. 11-3, the relationship of v,,, to vj, forms a 
hysteresis loop. We are more accustomed to seeing a hysteresis loop when 
observing the magnetic effects of iron. However, the term hysteresis can apply 
between any two variables when the return is via a different path. 

Since the input signal must reach the positive or negative threshold 
before triggering the Schmitt trigger, the circuit has appreciable noise immu- 
nity. Note that V;, and V;_ overlap. If hysteresis widens the gap between 
these thresholds, the immunity is enhanced. 

When integrated, the Schmitt trigger is usually part of another functional 
circuit. Some examples are shown in Fig. 11-4. Note the hysteresis loop as a 
means of identification. 





(a) (b) (c) 
Fig. 11-4 Circuits containing Schmitt triggers. 


11-2.1 APPLICATION 


The following circuits combine the Schmitt trigger with the functions of a gate 
or inverter: 


7414 Hex Schmitt trigger inverter. 
7413 dual 4-input positive NAND Schmitt trigger. 
73132 quad 2-input positive NAND Schmitt trigger. 


In fact, these are the circuits shown in Fig. 11-4. Appendix 11-1 contains the 
characteristics and schematics of these circuits. Of special interest are the 
specifications for the threshold voltages and hysteresis which are given in 
Table 11-1. 

Note that the positive-going threshold is always higher than the negative. 
As mentioned before the hysteresis is the difference between the two thresh- 
olds: 
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TABLE 11-1 Threshold and Hysteresis (in volts) for 54/74 Schmitt Triggers. 


Vrs 1.5 min 1.7 typical 2.0 max 
Vr- 0.6 min 0.9 typical 1.1 max 
Hysteresis 0.4 min 0.8 typical 


typical hysteresis = Vrs(typ) — Vr—(typ) 
minimum hysteresis = Vr+(miny — Vr— max) 


Example 11-1 The waveform in Fig. 11-5(a) consists of two aperiodic pulses 
with superimposed noise spikes. If this waveform is applied to the 7414 Hex 
Schmitt trigger inverter, determine the output of the circuit using typical 
threshold and output voltages. 


Solution 


a. Apply the threshold voltages to the drawing. 
b. The circuit triggers when: 
rise of pulse 1 crosses Vr,, 
fall of pulse 1 crosses V7-_, 
spike C crosses Vr,, 
spike C crosses Vr_ on return, 
rise of pulse 2 crosses Vr,, 
fall of pulse 2 crosses V7_. 
c. Spikes A, B, and D will cause no effect because they do not reach the 
required threshold. 
d. Draw Fig. 11-5(b) showing triggering as in step b. 


e. Draw Fig. 11-5(c) which is Fig. 11-5(b) inverted since the circuit is 
functionally an inverter. 


11-3 SUMMARY OF OPERATION OF THE SCHMITT TRIGGER 


The Schmitt trigger will take an input with poor rise and fall time and 
produce an output pulse with steep edges. 


The input rise and fall time causes a delay before triggering takes place. 


Due to the overlap of the positive- and negative-going thresholds, the 
Schmitt trigger has excellent noise immunity. However, if noise should 
exceed the threshold, it will have the same effect as a signal. 
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Pulse 1 Pulse 2 





oO 
= 
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Time 


(b) 


wo wo LL MN 


Time 


(c) 
Fig. 11-5 (a) Input pulse. (b) Output of Schmitt trigger. (c) Output of inverter. 


SUMMARY 


The Schmitt trigger is a circuit that has two output levels. The output 
remains at one of the levels until the input voltage crosses a given threshold. 
When the input voltage crosses this threshold, going in either direction, the 
output switches. 
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When activated by a pulse, the output of a Schmitt trigger will switch 
back to the original level when the input pulse returns to its initial state. 

The Schmitt trigger converts a gradual variation in input level to a sharp 
step with low rise and fall time. As a result, it can make a distorted input 
approach an ideal rectangular pulse. 

V;, 1s the positive-going threshold. When the input exceeds this value, 
the output switches to the high level state. 

V;_ is the negative-going threshold. When the input drops below this 
value, the output switches to the low level state. 

The difference between the positive- and negative-going thresholds is 
called hysteresis. Since there is an appreciable difference between these val- 
ues, a plot of the output voltage as a function of the input voltage will form 
a square loop. 

Since an input with poor rise and fall time will take appreciable time 
before reaching the threshold voltage, there can be a noticeable delay between 
the initiation of the input variation and the output step. 

Due to the overlap of the positive- and negative-going thresholds, the 
Schmitt trigger has excellent noise immunity. 


PROBLEMS 


What is the purpose of the Schmitt trigger? 

Name two problems which can occur when a Schmitt trigger is used. 
Draw the symbol of a three-input AND Schmitt trigger. 

Why is the term hysteresis associated with the Schmitt trigger? 

A Schmitt trigger has the following threshold voltages. 


a ee 


Vr,: 2.1 min, 2.5 typical, 3.2 max; 
V,_: 0.7 min, 1.3 typical, 1.9 max. 


a. What is the typical hysteresis? 
b. What is the minimum hysteresis? 

6. Plot the output waveform of the 7414 if the input is Fig. 11-6. Use typical 
values for threshold voltages. 

7. A half-wave with a peak voltage of 6 is applied to the 7414. Draw the 
output waveform using typical thresholds. 


468 The Schmitt Trigger CHAPTER 11 


Time 


Fig. 11-6. 


APPENDIX 11-1: Schmitt-Trigger Positive-NAND Gates and Inverters with Totem-Pole Outputs. 
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NO 
jee) 
L 
£ 


lccC Supply current 





Vcc =5V, 50% duty cycle 


N 





[| YaldVHD 


xipueddy 


69P 
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switching characteristics, Vcc = 5 V, Ta = 25°C 
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12 
The Monostable Multivibrator 


As mentioned in the summary of multivibrators in the beginning of Chapter 
10, the MONOSTABLE has a natural state in which it remains. The input 
signal causes the circuit to switch to the opposite state, where it stays for a 
determined interval before it returns to the natural state on its own. This 
action causes it to put out a pulse of a particular width which can be controlled 
by circuit parameters. The output pulse can be periodic or aperiodic de- 
pending upon the input signal. 

Since each input impulse causes the MONOSTABLE to emit one pulse, 
the alternate names, single shot or one shot, are appropriate. 


12-1 APPLICATIONS 


The ability to create a pulse of controlled width makes the MONOSTABLE 
useful in a variety of applications. Below is a partial list. Unfortunately, the 
reader may not be familiar with many of the circumstances surrounding these 
applications. To describe each in detail at this point would be lengthy and 
detract from the basic intent of the chapter. This list is presented to show that 
the monostable multivibrator has considerable utility. 


To create a pulse of sufficient width to allow the pull-in of a solenoid. 


To form pulses which will bridge systems operating at two different 
frequencies. 


To trigger a train of pulses from a mechanical event. 
To create a special pulse or train of pulses between CLOCK pulses. 


To form a ripple counter which is a series of pulses, independent of a 
CLOCK, that originate on the trailing edge of their predecessor. 


To reset a counter without a time race. 


To provide a delay. 


Some of the examples in Sec. 12-7 relate to these applications. 
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Fig. 12-1 Discrete monostable multivibrator. Rr and C; are the timing components. 


12-2 OPERATION 


Although the single shot is almost entirely integrated today, an explanation of 
the discrete circuit is beneficial in understanding its operation, particularly the 
function of the timing components. 

The basic circuit of the monostable multivibrator is shown in Fig. 12-1. 
Q, is an inverter that is biased OFF. Q, is in an inverter that is biased ON. The 
two inverters are coupled through capacitor C; and diode D,. Diodes D, and 
D, in conjunction with the base resistors of Q, form a +OR gate. 

Prior to the appearance of the input, the circuit is in its natural state, that 
is, OQ, OFF and Q, ON. This gives the following set of voltages which are listed 
here and presented in Fig. 12-2: 


Input = ground 
Vai = negative (due to input voltage divider) 


Voi = Vee 
Veo = Ve E(sat) 
Voo = Vor (sat) 


When the input receives a sharp input step (assume 0 to +5), there is an 
abrupt change in all the above voltages. Q, is turned ON putting saturation 
voltages on both the base and collector. Now for the key step. Remember 
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Input 
0 
V pevsat) 
+ 2 aan 
Voc 
Vo 
V cE (sat) 
Vcc 
git = =_— = 
rnrend© Y ere 
— ciel 
V BE (sat) ner 
0 
Vo 
Vpe(saty Voc — Vcaysaty) 
Voc 
Veo Pulse 
width 


Output pulse 


V cEe(sat) 


Fig. 12-2 Waveforms—monostable multivibrator. 


from Sec. 3-8 how a capacitor maintains its voltage during a step, transmitting 
any change appearing at one side to the other. As a result, when VY, drops 
from Vcc to Vega, the voltage on the base of Q, drops the same amount. Since 
Vz. was at saturation, it now drops negative. 
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Ve0 = VE (sat), =~ (Voc as Vor(sat),) 
= —Voc + Varisaty, + Vex(sat); 


Substituting typical voltages for Voc, Vex (saty, ANd Vegsar) In the equation above: 
Vp. = —5 + 0.8+0.2 = —4 


The negative voltage cuts off Q), switching V~ to Voc. This sequence is shown 
as either positive or negative steps in Fig. 12-2. 

When V2 jumps to Vcc, it applies this voltage to the input OR gate via 
the connection through diode D,. This reinforces the input step. Since the 
+OR gate responds to the highest input, the input signal can now return to its 
initial position without affecting the MONOSTABLE because the return path 
from V. will hold Q, ON. 

The circuit will stay in this position as long as Q, is OFF. Q) will stay OFF 
as long as V;, is negative. However, immediately after V,) receives the negative 
step, it starts to head positive as C; charges through R; and the saturated Q,. 
This causes Vz. to follow an exponential path heading toward Vcc, as shown in 
Fig. 12-2, while the other voltages remain constant. 

However, Vz. does not reach Vcc. When this voltage gets about 0.5 V 
positive, Q, is turned ON and the current through Rr; is diverted from the 
capacitor to this transistor. In the process Vg. reaches Vera) and Vy drops to 
its saturation voltage. With V2. now LOW and the input signal back at ground, 
the output of the OR gate is LOW and Q, is cut off. Vo; then returns to Voc, 
reinforcing the turn on of Q, via the capacitor discharge current. This quickly 
returns the single shot to its natural state. 

The output pulse is taken from the collector of Q,. This point is normally 
LOW but goes HIGH when Q, is cut off. Since the time constant,’ formed by 
Rrand C;, determines the time Q, is cut off, the circuit can be designed to emit 
a pulse of a given width. 


12-3 EFFECT OF INPUT PULSE 


Summarizing from the previous section, if the input pulse is shorter than the 
determined output pulse width, there will be no effect on Q, when the input 
pulse returns to its initial level. As mentioned, this is because the input OR 
gate responds to the highest input. So as long as the output is feeding back a 
high level to the OR gate, Q, will remain ON. As a result, once the input 
triggers the circuit on its leading edge, it has no further effect on the 
performance. 


‘The saturation resistance of Q;, being very low and in series with R;, does not affect the 
time constant. 


CHAPTER 12 


12-3 Effect of Input Pulse 475 


When the input pulse is longer than the output pulse, the termination of 
the output pulse will merely cause both Q,; and Q, to be ON simultaneously 
since Q, 1s held ON for the full time of the input pulse. When the input pulse 
returns and Q, is cut off, V., jumps positive and the positive impulse is 
transferred through the coupling capacitor to Vg.. However, Q, 1s now ON. As 
a result, the positive impulse to the base of Q, merely turns Q, on harder until 
the capacitance is discharged through R,;, and Vz. Turning Q, on harder 
merely maintains the low-level saturation voltage so there is no effect on the 
output voltage or pulse width. Once again, the input loses control after it 
initiates the action and the pulse width is a function of the circuit parameters 
alone. 


Example 12-1 A monostable multivibrator as shown in Fig. 12-1 is designed 
to emit a 2-wsec pulse. Draw the input and output waveforms if 


a. the input pulse is 500 nsec positive going; 
b. the input pulse is 5 psec positive going. 


Solution ‘The input pulse initiates the MONOSTABLE on the positive-going 
leading edge of the input pulse. Once that event occurs, the input has no 
further control. The input and output waveforms are shown in Fig. 12-3 with 
the output pulse being the same in both cases. 


500 nsec 

0 

Short input pulse 

5 psec 

0 

Long input pulse 
Voc 

2 psec 
V 
CE(sat) Output pulse 


Fig. 12-3. Pulses in Ex. 12-1. 
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1 usec 
0 
(a) 
Voc 
2 Usec 
V cesat) (b) 


Fig. 12-4. Pulses in Ex. 12-2. (a) Input pulse. (b) Output pulse. 


Example 12-2 When will an output pulse be emitted from the MONO- 
STABLE in Fig. 12-1 if the input is a negative-going pulse as in Fig. 12-4(a)? 
Assume the pulse width is again 2 wsec as in Example 12-1. 


Solution Prior to the negative edge of the pulse, both transistors are ON. The 
output from Q, is LOW and there is no pulse. When the negative or leading 
edge of the pulse strikes, Q, is turned OFF. This puts a positive step on both 
the collector of Q,; and the base of Q,. The positive impulse on the base of Q, 
causes Q, to be driven harder into saturation while the capacitor is being 
discharged through R;,; and Vg-. This does not change the status of Q, which 
remains ON during this time. 

At the positive or trailing edge of the input pulse, Q, is turned ON again. 
This causes a negative step on Vc, which is transferred to the base of Q,. Since 
this negative step cuts off Q,, a positive pulse controlled by R;C; is generated 
at its collector terminal. The output pulse is shown in proper time relationship 
to the input in Fig. 12-4(b). Notice that it is the positive step on the input which 
initiates the pulse. 


Example 12-3 


a. In Example 12-1 does the MONOSTABLE trigger on the leading or 
trailing edge of the input pulse? Does it trigger on the positive or 
negative edge of the input pulse? 

b. Repeat a for Example 12-2. 

ec. From your information in a and b, would the circuit trigger on the 
leading, trailing, positive, or negative edge of the input pulse? 

d. Does the circuit in Fig. 12-1 trigger when 
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QO, is ON, 

Q, is OFF, 

Q, goes from ON to OFF, 
Q, goes from OFF to ON? 


Solution 


a. Triggering with these input pulses is on the positive edge, which is the 
leading edge of the pulse. 

b. Triggering with this pulse is on the positive edge, which is the trailing 
edge of the pulse. 

c. In both cases triggering is on the positive edge of the input pulse. 
Whether the positive edge is leading or trailing is dependent upon the 
formation of the pulse. 

d. The circuit triggers when Q, goes from OFF to ON. This action 
supplies the negative step which cuts off Q). 


One could get carried away with modifications of the circuit in Fig. 12-1. 
Trigger pulses could be applied at different points in the loop sometimes with 
opposite polarity. Also pnp transistors could be substituted reversing the 
polarity of the supply voltage and triggering edges. The purpose of Secs. 12-2 
and 12-3 is merely to discuss the principles involved in the operation of the 
single shot. The explanation and examples given should be sufficient without 
further elaboration. 


12-4 DETERMINATION OF PULSE WIDTH 


As mentioned before, the pulse width is the time Q) in Fig. 12-1 is cut off. This 
time can be determined from Eq. (3-15) which is modified below: 


= Bo 


ty = RC In Ey, 





(12-1) 


t, 1S the time to charge the capacitor to a voltage v, with specified initial and 
supply voltages. 

To facilitate determination of these constants, the exponential part of 
the Vz. curve in Fig. 12-2 is redrawn as Fig. 12-5. Time 0 is when the negative 
step is applied to the base of Q, initiating the output pulse. The voltage at time 
0, the negative peak of the step, is then £). If t, is to be the pulse width, v, 
has to be the voltage when Q, turns on. This is Vgz;4,. Therefore, the con- 
stants in Eq. (12-1) are 
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Fig. 12-5 Relation of the exponential base 2 voltage to constants of the pulse width 
equation. 


E=Vcc 
Eo = Ver (sat), ee (Voc ce Vox (at),) 
Ww = VE (sat), 
RC = the circuit time constant (R;C, in Fig. 12-1) 


Example 12-4 Find the pulse width in terms of the time constant when 
VK (sat) = 0.6 V, VE (sat) = 0.2 V, and Vec =5SV. 


Solution 


E=Vcec=5 V 

¥y = Vartsaty, = 0.6 V 

Eo = Vera), — (Voc — Vex(sat),) 
=0.6—(5-0.2)=—-4.2 V 





5 — (—4.2 
ty = RC In 5 ( 06 ) substituting into Eq. (12-1) 
= RC In wee 0.73RC 


4.4 
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Example 12-5 With the voltages the same as in Example 12-4, find the time 
constant to produce a pulse width of 10 psec. 


Solution 
_ 5 — (—4.2) 
10=RCIn = 
_ O oa 
= RC ln a 0.73RC 


cast oe 
RC = 0.73 13.7 sec 


Example 12-6 Repeat Example 12-4 if Voc = 15 V. 
Solution 


E= Voc =15 V 
VW = Vex (sat)y = 0.6 V 
Eo ae VaR (sat), = (Voc 7 Vox(sat),) 
=0.6—(15—-0.2)=-14.2 V 
1S (182 
ty = RC In a substituting into Eq. (12-1) 


_ 29.2 _ 


Note how the supply voltage has little effect on the pulse width. This is 
true when Vcc is appreciably greater than the two saturation voltages. If Vex(aty 
and Vora) are made negligible, 


Fo = — Vec 
Vy = 
p= Re ee ge ae 
0 Voc 
= RC In 2=0.69RC (12-2) 


This result is very close to those in the examples where actual saturation 
voltages were assumed. 

The analysis of pulse width is based on the condition that Q, is driven 
from cutoff to saturation. If these limits are not achieved, the applied negative 
step to the base of Q, is reduced, resulting in a shorter pulse width. The dotted 
line in Fig. 12-5 shows this effect. 
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12-5 THE IC MONOSTABLE 


The TTL 74121 is an excellent example of the monostable multivibrator in an 
integrated package. It will trigger on both positive and negative edge inputs 
and has complementary output pulses. By allowing provision for the RC 
timing components to be connected externally, a wide variation in pulse width 
can be obtained. The details of this circuit are exhibited in Appendixes 12-1, 
12-2, and 12-3. 


12-5.1 Input 


To give the 74121 both versatility and jitter-free operation, the internal cir- 
cuitry contains both gating and a Schmitt trigger. For convenience, this por- 
tion of Appendix 12-1 is enlarged and shown in Fig. 12-6. 

Inputs A, and A, come into a NAND gate. If either input goes LOW, the 
output goes HIGH. This positive step is then applied to the AND gate. If the 
gate is enabled, the step is “squared up”’ by the Schmitt trigger and transferred 
to the input of the single shot itself. The sharp edge produced by the Schmitt 
trigger eliminates jitter in the output pulse which would otherwise occur with 
appreciable fall time in the input. To enable the AND gate, a high level must 
be applied to the B terminal. 

For positive trigger the input is inserted at terminal B. A low level on A, 
or Az is inverted in the NAND gate and places a HIGH on one leg of the AND 
gate. This enables the gate to pass the positive step of the input which then 
shifts to the single shot via the Schmitt trigger. 





Negative Edge Trigger 
A,orA, L 
Opposite A terminal —High 
B terminal — High 


Positive Edge Trigger 
A, or A, — Low 
Bterminal _J- 


Fig. 12-6 74121 IC MONOSTABLE— internal block diagram. 
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Notice that a positive step or edge leaves the AND gate regardless of 
whether input triggering is positive or negative. A summary of the triggering 
conditions is listed in Fig. 12-6. | 

The input triggering voltage depends upon the threshold of the Schmitt 
trigger. These thresholds are listed in Table 12-1. Vr. max is the maximum 
threshold the positive-going signal is required to reach if switching is to occur. 
In other words, any input able to attain that value or above will trigger the 
multivibrator. Similarly, any negative-going input able to reach V;_ min will 
also trigger. 

The input current requirements Jj, and J;, are listed in Appendix 12-3 for 
both the 74121 and 74L121. It is interesting to note that the B terminal draws 
twice as much current as the A terminal. 


TABLE 12-1 Input Thresholds for the 74121 Monostable Multivibrator. 


Min Typical Max 
Input Threshold (V) (V) (V) 
A Vrs —6«1.4 2 
A Vr- 0.8 1.4 
B Vrs 1.55 2 
B Vr 0.8 1.35 


12-5.2 Determination of Pulse Width 


If Vcc is applied to terminal 9 as well as terminal 14 as shown in Fig. 12-7(a), 
the pulse width will be determined by the internal components and a very 
narrow pulse of from 30 to 35 nsec, depending upon the characteristics of the 
individual chip, will be generated. 

For external control of the pulse, the RC timing components are con- 
nected as in Fig. 12-7(b). Note again that Vcc is applied in two places. The 
pulse width is a function of the external time constant in the following 
relationship: 


ty = (Rext) (Cext)In 2 = 0.7 (Rest) (Cext) (12-2a) 


Compare this formula with Eq. (12-2). 


Resistor and capacitor values must be held within the limits 


2K < Rex < 40K 
10 pF < Cot <10 pF 


to prevent jitter on the trailing edge of the output pulse. 
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GC. 


int 


not shown 





(b) 


Fig. 12-7 Connections for timing components—74121 IC MONOSTABLE. (a) Internal 
connection. (b) External connection. 
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If some variation (or jitter) can be tolerated on the trailing edge of the output 
pulse, C.,, can be extended upward to 1000 wF and R.,, downward to 1.4K. 
This gives a pulse width that can be selected between 40 nsec and 28 sec. When 
the pulse width is very short, an internal capacitance of 30 pF has to be 
assumed across C,,,. 


Example 12-7 Select values R.,, and C.,, to produce a jitter-free pulse width 
of 100 msec. 


Solution 


ty = 0.7 Rex Cert 
RextCext = 1.43 t, = 1.43 X 100 msec = 143 msec 


There are a number of combinations of R..,C., which will give this time 
constant. However, C.,, cannot exceed 10 pF for jitter-free operation, and R.x 
cannot exceed 40K under any circumstances. Assume C,,, = 4.7 pF: 


_ 143 msec 


Rex = 4.7 pF 


= 30.4K ~30K (the nearest standard size) 


12-5.3 Output 


The output pulses have the same Vo; and Voy specifications as other TTL 
devices. A positive pulse appears at the Q terminal and its complement at Q. 
The output currents are equivalent to those of a 7400 standard gate, namely 


Loz =16mA and lor = 400 WA 
For the low-power type 74L121, 
Tor =8mA_ and lor = 200 wA 


The drive current capability Io; transfers from one output to the other when 
the circuit switches. During the pulse, Q (being LOW) has more drive current 
available than Q. 


12-6 RETRIGGERABLE VERSUS NON-RETRIGGERABLE 


The 74121 is non-retriggerable. Once the pulse is initiated, the input loses 
control and the circuit emits the designated pulse. If another triggering edge 
should appear during the pulse time it will have no effect. 

In contrast, a retriggerable MONOSTABLE will respond to an input 
triggering edge during pulse time and regenerate the pulse. If a periodic 
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| | Potential end of 
generated pulse 





OL 
Point of 


retrigger 
Effect of retriggering 


Vou fo 
Vou 
Output 


Time 


Fig. 12-8 Operation of retriggerable MONOSTABLE when pulse width t,, > T. 


triggering edge has a period less than the pulse width, the output pulse re- 
mains indefinitely. An example of this is shown in Fig. 12-8. In this operation 
the output is actually a level. 

The main application of a retriggerable single shot is to detect the ab- 
sence of a pulse in a train of pulses. The output pulse width is set to a width 
between one and two periods of the pulse train which is applied to the input. 
As long as the input pulses are present, the output pulse continues, that is, O 
remains HIGH and Q remains LOW. If an input pulse should be missing or 
too distorted to trigger, the circuit will have time to complete the output pulse 
before the next triggering edge. Figure 12-9 contains an exhibition of this 
function. 

In actual practice, the pulse train is usually initiated from a transducer 
which responds to a series of periodic events in another form of energy. The 
transducer operates a non-retriggerable MONOSTABLE which provides the 
input pulses to the RETRIGGERABLE, one for every event. The absence of 
an event terminates the output pulse of the RETRIGGERABLE. The trailing 
edge of the pulse can then be used to trigger a flip-flop and initiate an alarm. 
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| T Missing pulse 


(a) ! 


Indication of missing pulse 
/ | 
| | 
—" 


Retrigger Retrigger 


Fig. 12-9 Use of retriggerable MONOSTABLE to detect missing pulse (t, > 7). (a) In- 
put. (b) Output. 


If the transducer were detecting a heartbeat, the system could be used to 
indicate a missing beat. In a similar manner, the transducer can be a cam- 
operated switch with the system this time detecting the failure of an individual 
contact. 

The 74122 is a retriggerable monostable multivibrator. The logic dia- 
gram of this circuit is shown in Appendix 12-1. Notice that it can be cleared 
with a negative level. This enables the device to be synchronized. Refer to Sec. 
13-4. The negative level is also applied to the positive AND gate, closing it to 
trigger edges during the time of the CLEAR signal. The input logic and means 
of controlling pulse width are like those of the 74121 with an additional 
positive edge-triggering input. 


12-7 MONOSTABLE CIRCUITS 


A few examples of MONOSTABLEs operating together and in conjunction 
with other components will be presented in this section. As will be seen, the 
deployment can be quite varied and each bears a separate explanation. 


12-7.1 Logic Block Diagram 


Before demonstrating any circuits involving the MONOSTABLE, it will be 
convenient to express this device as a logic block like the gate and the flip-flop. 
The logic block of the 74121 with a 2-wsec pulse width is shown in Fig. 12-10. 
Compare this with Fig. 12-6. The bubble on the input side indicates negative 
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Fig. 12-10 Logic block diagram of 74121 MONOSTABLE (single shot). 


edge trigger. The absence of a bubble in this position, of course, means 
positive edge trigger. The timing components are not shown. The pulse width 
is recorded in the block. This value is 0.7R.,:C.,:. The SS identifies the block 
as a single shot. Q and Q are as previously explained in Sec. 12-5.3. 


12-7.2 The Ripple Counter 


The ripple counter gives a train of pulses, each one initiated on the trailing 
edge of the previous pulse. It is very useful for providing timing pulses in a 
system that is not synchronized by a clock pulse. Each pulse has a specific 
width prescribed by the application. 

An example of a ripple counter is shown in Fig. 12-11 with the output 
pulses indicated. The numbers on the pulse indicate the time the specific edge 
occurs in relation to the initiating signal, which is called time 0. For example, 
the pulse marked 2-12 starts 2 sec after the counter is triggered and lasts for 
10 wsec. The detailed operation is as follows: 


go Time zero 





mM JL Ie 


Fig. 12-11 Ripple counter. 
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The first MONOSTABLE triggers on the positive edge of the input pulse 
and gives a 2-usec pulse. 


The second MONOSTABLE triggers on the negative edge of the 2-sec 
pulse and puts out a 10-ysec pulse. _ 


The third MONOSTABLE triggers on the negative edge of the 10-usec 
pulse and puts out a 3-ysec pulse. 


The fourth MONOSTABLE triggers on the negative edge of the 3-wsec 
pulse and puts out a 1-wsec pulse, which occurs from 15 to 16 psec after 
the counter is initiated. 


Note that although not used after the first stage, terminal B must have a 
high-level input to open the positive AND gate in the input circuitry of the 
chip. On the first stage a LOW on either A terminal will open this AND gate. 
In subsequent stages a HIGH must be placed on the unused A terminal to 
enable the triggering edge to get through the input NAND gate. (See Sec. 
12-5.1 and Fig. 12-6.) 


Example 12-8 Redo the first three stages of Fig. 12-11 using positive edge 
trigger entirely. 


Solution The result is demonstrated in Fig. 12-12. Connections are from OQ 
to B. Either A terminal is held LOW since they are applied to a NAND gate. 
The high level from the NAND opens the positive AND gate to let the 
triggering signal through. (See Sec. 12-5.1.) 


12-7.3 The Delay Circuit 


Assume in Fig. 12-11 that pulses were emitted from the second and fourth 
stages only. These pulses would still be in the same time relationship to the 





Fig. 12-12. 
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input pulse with stages 1 and 3 providing delays equal to their determined 
pulse widths. In other words stage 1 would delay the pulse from stage 2 by 2 
wsec. Similarly, stage 3 would provide a 3-ywsec delay between the two emitted 
pulses. 

This application is very useful in electromechanical work. Time 0 is 
established by the operation of a switch or photoelectric signal at a given 
position of the mechanical system. The delay from this zero reference will 
allow electrical interface at a particular point in the mechanical cycle. 

The delay is also used to select and then expand a particular segment of 
an oscilloscope sweep. In this operation the sweep “‘synch”’ signal triggers a 
MONOSTABLE. At the end of the pulse one of two things can happen: 


1. Another MONOSTABLE can be triggered and the trace intensified 
for the duration of the second pulse. This will bracket a signal on the 
trace. 

2. A delayed sweep can be initiated at a faster rate than the main sweep. 
This will expand the sweep starting at this time and enable better 
vision of a signal previously in the middle of the trace. 


Both MONOSTABLE pulses can be made variable by making one of each RC 
timing components a variable. 


Example 12-9 Draw a circuit which will provide two successive pulses meet- 
ing the following requirements: 


Pulse 1 is 50 psec and occurs 10 msec after the opening of a switch. 
Pulse 2 is 25 wsec and is initiated immediately after pulse 1. 


Solution The circuit is in Fig. 12-13. 





Fig. 12-13. 
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When the switch opens, the input to B receives a 5-V positive step. 
The 5-V step triggers a 10-msec pulse. 

The negative trailing edge of the 10-msec pulse triggers a 50-psec pulse. 
The negative trailing edge of the 50-ysec pulse triggers a 25-ysec pulse. 


12-7.4 Bridging a Random Event with Synchronous System 


When an electromechanical device sends a signal to a flip-flop in a clocked 
system, the response has no definite time relationship to the clock frequency. 
As a result, the response can occur close to the triggering edge of the clock 
pulse. Depending upon the setup time (see Fig. 10-32 and Sec. 10-15.2), the 
flip-flop may or may not operate. Failure to operate at this clock time is not 
serious because the signal from a mechanical system is usually long and will 
certainly wait for the next CLOCK, which will do the triggering. However, 
trouble occurs if the response from the mechanical system operates two or 
more flip-flops. Since the probability of operation is not 100% if the setup 
time is marginal, one flip-flop may trigger and the other(s) may not. This will 
definitely cause a malfunction. 

Figure 12-14 shows a MONOSTABLE circuit which will alleviate the 
problems presented in the previous paragraphs. Figure 12-15 shows the signifi- 
cant time relationships. The MONOSTABLE pulse width t, is: 


(T +1,)<t, <(2T —f£) 


where T is the clock period and ft, the clock pulse width. This means at least 
one full CLOCK pulse will be present during the MONOSTABLE pulse but 
never part of a third. 





Fig. 12-14 MONOSTABLE bridging random input with synchronous flip-flop. 
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(a) 


\_ Inadequate set-up time 


ee ee 
FL 


(c) 


Fig. 12-15 Pulses in Fig. 12-14. (a) CLOCK pulses. (b) MONOSTABLE pulse triggered 
by switch at random time. (c) Output of flip-flop. 


The opening of the switch triggers the MONOSTABLE, applying a SET 
pulse to the flip-flop which is initially RESET. If the triggering edge of the first 
clock pulse has inadequate setup time, the second clock pulse will surely set 
the flip-flop. After the flip-flop is SET, the following clock pulse will put it 
back in the RESET condition. The third CLOCK cannot set the flip-flop 
because the pulse from the MONOSTABLE is now gone. 

The net result is a synchronous flip-flop pulse for one clock period 
initiated by a mechanical event. This pulse can allow simultaneous triggering 
of a number of flip-flops. Figure 12-15 shows the random input occurring just 
too late to set the flip-flop on the first clock pulse. If this input were advanced, 
the flip-flop output would occur one cycle sooner. Since the CLOCK runs at 
a speed so much higher than the mechanical system which initiated the 
MONOSTABLE pulse, the time of one cycle is insignificant. 


12-7.5 Operation with Gates 


By running separate pulses into the legs of an AND gate, an additional pulse 
width can be obtained. A circuit for this is shown in Fig. 12-16 with significant 
times. 

The negative edge of the input pulse triggers both the 20- and 15-ysec 
MONOSTABLES. The 15-psec pulse serves as a delay for the 10-ysec pulse. 
Both the 20- and the delayed 10-ysec pulses go into the gate. Being an AND 
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SS 


15 psec 





Fig. 12-16 Gated MONOSTABLE pulses. 


gate there is an output only when both inputs are HIGH. This starts 15 psec 
and concludes 20 usec after the input trigger. 

It is not likely that circuits like these have a wide application. However, 
analyzing combinations such as these is an excellent experience for under- 
standing the operation of both single shots and gates. 


Example 12-10 What is the time relationship of output to input in Fig. 12-17? 


Solution The positive edge of the input pulse triggers both MONOSTABLEs. 
The output pulses are shown in Fig. 12-17. Note that complementary pulse is 
longer. The gate is a NOR gate. When both inputs are LOW the output is 
HIGH. Both pulses are LOW only from 10 to 15 psec. Therefore, the output 
is a 5-ysec pulse starting 10 psec after the input triggering edge. 


12-8 THE 555 TIMER AS A MONOSTABLE MULTIVIBRATOR 


Although classified as a linear circuit, the 555 timer, due to its high versatility, 
can perform the digital function of a monostable multivibrator. Figure 12-18 
shows the interior of the 555 timer in semi-block diagram form. The compara- 
tors are essentially open-loop OPAMPS, the output of which are at high or 
low level depending upon the relative input voltages. In other words, if the 
voltage applied to the + (noninverting) terminal is higher than the voltage 
applied to the — (inverting) terminal, the output will be HIGH. Conversely, 
the output will be LOW if the input magnitudes are reversed. The flip-flop is 
an RS latch with positive triggering levels. The output is taken from the Q side. 
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Fig. 12-17. 


The resistors form a voltage divider between Vcc and ground. The transistors 
are switches. 

The timing components are external and are shown on Fig. 12-18 with 
their respective connections. The subscript X will be used to denote external. 


12-8.1 Initial Conditions 


Triggering occurs when terminal 2 goes from HIGH to LOW. Therefore, 
terminal 2 is at a high level, close to Vcc, in the normal or initial state. With 
this high voltage level applied to the — terminal of comparator 2 and only 3Vec 
applied to + , the output of comparator 2 will be LOW, putting a low level on 
the SET input of the flip-flop. 

Since the + terminal of comparator 1 is connected to Vcc, via pin 6 and 
Ry, as compared to $Vcc on the — terminal, the output of comparator 1 is 
HIGH and transfers this level to the RESET terminal of the flip-flop. 

With the RESET input HIGH and the SET input LOW, the flip-flop 
becomes RESET, making Q HIGH. 

The high level on Q is applied to the base of Q, turning this transistor 
ON. 

With Q, ON the collector drops to near ground and Keeps the capacitor 
from charging. Since the collector is connected to the + terminal of compara- 
tor 1, the highest input to the comparator will now be on the noninverting 
terminal causing the output to switch to a low level. 
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Comparator 1 


Comparator 2 


Ground Input Output Reset 


Fig. 12-18 555 timer with external connections for the monostable multivibrator. 


With the output of comparator 1 LOW, the flip-flop now has a LOW on 
both inputs and remains in the RESET state. a | 
Equilibrium is now achieved with the following conditions: 


Terminal 2 HIGH. 

Output of comparator 2 LOW. 
Flip-flop RESET. 

Q, ON. 

Terminals 6 and 7 LOW. 
Output of comparator 1 LOW. 
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12-8.2 Operation 


When the triggering signal goes LOW (to ground) the following sequence of 
operations occurs. 


The voltage on the negative terminal of comparator 2 drops below the 
noninverting input. The output, therefore, goes HIGH. 


The high level from comparator 2 is placed on the SET terminal of the 
flip-flop. The flip-flop then SETS and Q goes LOW. 


The LOW signal from Q appears on the base of Q, and cuts it off. 


With Q, off, capacitor Cy is no longer shorted to ground. It then charges 
through Ry toward Vcc following an exponential path. 
As the capacitor charges, the voltage on the noninverting terminal of 


comparator 1 increases. When this voltage exceeds that on the inverting 
terminal (| Vcc), the comparator output switches HIGH. 


When the output of comparator 1 goes HIGH, the flip-flop RESETS. By 
this time, the input pulse has returned to its initial level (HIGH) re- 
sulting in low levels on the comparator 2 output and the SET input to the 
flip-flop. | 

When the flip-flop RESETS, the high level on Q turns Q, ON, shorting 
out the capacitor and putting a low level on the + terminal of compara- 
tor 1. 


With a low level on the + terminal, the output of comparator 1 now 
switches LOW. 


At this point, the generation of the pulse is completed and all compo- 
nents have returned to their equilibrium condition. 


The generated pulse width is the time the capacitor takes to charge to the 
voltage on the inverting terminal of comparator 1 which is $Vcc. Since the 
flip-flop is SET at this time, the pulse width is also the time the flip-flop is in 
the SET condition with Q LOW. The output of the flip-flop operates a current 
driver which inverts QO and puts a positive-going pulse on output terminal 
pin 3. 


12-8.3 Determination of Pulse Width 


The pulse width is again determined from Eq. (12-1) and the exponential 
voltage is shown in Fig. 12-19. 


Eo = VK(sat) of QO; 
¥,=%Vec, the voltage at which comparator 1 switches 
E=Vcec as before 

RC = RxCy 
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te Time 


Fig. 12-19 Capacitor voltage—MONOSTABLE—555 timer. 


Substituting these values in Eq. (12-1), 


t, = Ry en In Voc 7s VE (sat) 


co 3 ' Cc 


If Voc a> VK (sat) > 


ty = RyCy ln —— 
s 3Vcc. 


= RyCy In 3 =1.1RyCy (12-3) 


Example 12-11 Connecting the 555 timer as a MONOSTABLE, what is the 
output pulse width if Ry = 22K and Cy=0.01 wF? Assume Vec=5 V and 
VorG@ay = 0.2 V. 


Solution 


RyCy = 10K X 0.01 pF = 100 psec 
5—0.2 
5-—(§x5) 
= ReCe is = 1.05 R aCe 
1.67 
= 105 psec 


ty = RyCy In 
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Had the approximate equation [Eq. (12-3)] been used the result would have 
been correct to within 5%. 


Example 12-12 Under the same voltage conditions as in Example 12-11, what 
time constant is necessary for a 60-ysec pulse? 


Solution From Example 12-11 


Lp = 1.05RyCy 
RxyCy = 0.95t, = 0.95 X 60 = 57 psec 


12-8.4 Determination of Ry 


The positive terminal of comparator 1 draws a maximum current of 0.25 pA 
called threshold current. This current, having a path through the threshold 
terminal (number 6) must flow through Ry in this application. Since the 
charging current for Cy also flows through Rx, Ry must be low enough so the 
charging will be unaffected by the threshold current drain. Otherwise the 
demands of the threshold would appreciably reduce the charging current 
making the pulse width increase. 

The current furnished by the resistor depends upon the voltage across it. 
As the capacitor charges, the capacitor voltage increases and the resistor 
voltage decreases. ‘The minimum resistor voltage occurs at the end of the pulse 
when the capacitor voltage = 3 Vc. It is at this point that the resistor furnishes 
its minimum current. Therefore, if the resistor current is sufficient for this 
worst-case condition there will be adequate current elsewhere in the cycle. 
Quantitatively, at the critical time, 


igy >> yy the threshold current, 
Vry= sVcc_ the other 4 being across the capacitor. 


Using Ohm’s law, the maximum Ry, which will still deliver sufficient charging 
current to maintain the desired pulse width is determined from the following 
equation: 


1 
Ry(max) = 22 = 7 (12-4) 


lRy 3ir,y 





Now a maximum Ry, will necessitate a minimum Cy, in the determination 
of the pulse width. This condition is desirable because a small Cy will dis- 
charge faster giving better fall time on the trailing edge of the output pulse. 


Example 12-13 Determine Ry and Cy in Example 12-12. 
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Solution To allow minimum Cy for rapid discharging, Ry should be max- 
imum. The maximum value of Ry is determined from Eq. (12-4): 


V 
R= 3 Try = Ltn 
LRy 


Using the maximum value of J;;, from the specification sheet and assuming ip, 
must exceed J7,, by a factor of 1000 to be on the safe side, 


irgy = 1000 x 0.25 pA 
=(0.25 mA 


_ 5 
~~ 3x0.25 mA 


= 6.66K 
= 6.8K the nearest standard size 


Ry 





= 8380 pF 
= 8200 pF the nearest standard size 


12-8.5 Terminals 4 and 5 


Terminal 4, the RESET terminal, provides the ability to return the MONO- 
STABLE to its natural position before completion of the pulse. Q) is a pnp 
transistor and V,,.; is a low positive voltage’ (1.2 V). A low-level signal applied 
to the RESET terminal goes to the base of Q). This turns on Q) which 
completes a current path to both the flip-flop and the base of Q,. When this 
occurs the following events happen: 


The flip-flop RESETS and Q goes HIGH. 
Q, turns on, discharging the capacitor before its voltage reaches Voc. 
The output pulse terminates. 


Although terminal 5 is not directly used to produce the MONOSTABLE 
pulse, we must remember that the 555 timer is a versatile device and other 
applications involve this terminal. If the terminal is left open, there is a high 
impedance to ground and noise can be picked up which appears on the in- 


*This voltage source is internal. 


498 The Monostable Multivibrator CHAPTER 12 


verting input of comparator 1. To filter out possible noise, a capacitor on the 
order of 0.01 wF is connected to this terminal instead of leaving it open. 


12-9 THE CMOS MONOSTABLE MULTIVIBRATOR 


In CMOS circuitry the retriggerable MONOSTABLE seems to be more pop- 
ular. A block diagram of one section of the dual retriggerable resettable 
14528B is shown in Fig. 12-20. There are no astounding departures from the 
TTL unit but attention should be paid to the following differences: 


There are two multivibrators to a package. 
There is no Schmitt trigger. 


The pulse width is determined by the application of external components 
only (i.e., there is no internal connection which will enable operation at 
a prescribed pulse width as with the 74121). 


The pulse width for external capacitor values above 0.01 uF is deter- 
mined from the following formula: 

i= 0.2Ry Cy In(Vpp = Vss) 

For values of capacitance below 0.01 wF the manufacturer refers the user 
to a graph to determine pulse width. 


As in the case of all CMOS circuits, Jj; is less than that attained with 
TTL. 


There are no restrictions on the values of timing capacitor employed. 
However, the external resistor is restricted to values between 5K and 1 MQ. 





Fig. 12-20 14528B—CMOS monostable multivibrator with external timing com- 
ponents. 
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Fig. 12-21 Input trigger gating (14528B). 


The manufacturer does not specify maximum and minimum limits on pulse 
width attainable. The graph, however, shows values as low as 400 to 800 nsec. 

There are two trigger inputs coming into the gating circuit which is 
expanded in Fig. 12-21. The output of the NOR element will be HIGH if both 
of its inputs are LOW. This is achieved when the A input is LOW and the B 
input is HIGH. That is the condition before triggering. If either A goes HIGH 
or B goes LOW, the other input remaining unchanged, a negative step will 
appear on the output of the NOR gate. ‘This negative step initiates the trig- 

- gering. Summarizing, 


for positive edge trigger A goes from LOW to HIGH while B remains 
HIGH; 


for negative edge trigger B goes from HIGH to LOW while A remains 
LOW. 


The CD input is to allow resetting during a pulse time. It is active when 
a negative level is applied and has priority over other functions. A low level 
here can also prevent triggering. : 


Example 12-14 Find the pulse width generated by the 14528B when Cy = 
0.047 wF and Ry = 62K, Vpp = 10 V. Vss is connected to ground. 


Solution 


t, = 0.2RxCyxIn(Vpp — Vss) 
= 0.2 x 62K X 0.047 pF x In 10 
Dee rae msec 
= 1.34 msec 


The details af the 14528B a are shown in A spenennl 12-4. 


SUMMARY 


A monostable multivibrator, also called single shot or one shot, has a 

~ natural output state. At the application of a triggering edge, the output is 
driven into the opposite state. However, after a certain interval of time, 
independent of the trigger input, the output will return to the natural state. 
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As a result of its operation, the monostable multivibrator generates a 
pulse of a given width when triggered. The width can be determined by the 
internal circuit of the device and with integrated assembly is usually in the 
order of nanoseconds. Generally, there is provision for external application of 
resistance and capacitance to enable control of the pulse width. t, = 0.7RextCext 
is a common formula for the externally controlled pulse width. 

The initiating impulse is an edge (or step). This triggering edge can be 
positive or negative. Since it is the edge that does the triggering, the output 
pulse width is the same whether the input pulse is wide or narrow. 

In addition to the actual multivibrator, /C MONOSTABLEs may con- 
tain input gating and a Schmitt trigger. The gating allows the versatility of 
positive and negative edge triggering along with ability to fan-in more than one 
trigger input of the same polarity. The Schmitt trigger converts a poor trigger 
input to a sharp edge, thus eliminating jitter. Complementing output terminals 
are also provided. 

Unless otherwise specified, a monostable multivibrator is assumed to be 
non-retriggerable. When a MONOSTABLE is non-retriggerable, any trig- 
gering edge which occurs during the output pulse is ignored. In other words 
once a pulse is initiated, the input trigger loses control until the pulse is 
completed. As a result, a periodic triggering edge can produce a periodic 
output pulse with a lower frequency than the trigger. 

When a monostable multivibrator is retriggerable, each input trigger will 
generate an output pulse of the prescribed width whether the previous pulse 
has been completed or not. As a result, if triggering occurs before the com- 
pletion of an output pulse, the pulse width will be extended. If the trigger is 
periodic, the output pulse could remain indefinitely. The retriggerable 
MONOSTABLE is very useful for detecting the absence of a pulse, or a 
marginal pulse, in a periodic train. 

If two MONOSTABLEsS are connected in cascade (Q output to negative 
edge trigger or QO output to positive edge trigger), the pulse output of the 
second stage will be delayed from the initial trigger by the pulse width of the 
first stage. 

If several MONOSTABLEs are connected in cascade (Q output to nega- 
tive edge trigger or Q output to positive edge trigger), a series of pulses result, 
each initiated from the trailing edge of the pulse generated by the previous 
stage. The overall circuit is called a ripple counter. 

A monostable multivibrator can be used to bridge a random event with 
a synchronous system by initiating the multivibrator from the random event. 
If the pulse has a width which will always embrace at least one complete clock 
pulse but never part of a third, it can activate a flip-flop and allow it to SET 
and RESET from two adjacent clock pulses. This yields a pulse from the 
flip-flop immediately after the random event in synchronism with the system 
CLOCK. 


CHAPTER 12 


Problems 501 


If two overlapping pulses are applied to the input of a two input AND 


gate, the gate output will be HIGH only at the time of the overlap. 


The 555 timer is a versatile circuit primarily made up of a flip-flop, a 


switching transistor, a resistor voltage divider, and two operational amplifiers 
called comparators. The 555 timer can be made into a monostable multi- 
vibrator by inserting an external RC network between Vcc and ground with the 
capacitor on the ground side. After a negative trigger pulse is applied, the 
external capacitance is free to charge through the external resistance. It 
charges until its voltage reaches $Vcc. At this point a series of events causes 
the capacitance to rapidly discharge, ending the pulse. The generated pulse 


width is 1.1RextCex- 


PROBLEMS 


1. 


In Fig. 12-1, Vec = 12, Ve E(sat) = 0.8, VcK(sat) = 0.3. 

a. What is the voltage across C; before the input triggers? 

b. What is the voltage across C, at the instant a positive step is applied to 
the input? 

c. What is the magnitude of the negative step on the base of Q,? 

d. To what voltage does the base voltage of Q, increase as the capacitor 
charges? 


. In problem 1 what is the pulse width if Rp = 22K and C;= 0.033 wF? 
. a. If the supply voltage in problem 2 is increased to 18 V, what is the 


approximate pulse width? 
b. Repeat problem 3a if the supply voltage is dropped to 10 V. 


. The circuit in Fig. 12-1 emits a 70-ysec pulse. If the input is the waveform 


in Fig. 12-22, draw the output in time relationship to the input. 


100 200 300 400 500 600 


Time (usec) 


Fig. 12-22. 
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5. The 74121 monostable multivibrator is to be triggered by a negative step. 
To which input terminal must the step be applied? What voltage levels, 
HIGH or LOW, must be maintained on the other inputs? 

6. Repeat problem 5 for a positive step. 

7. How must the 74121 be connected to obtain a pulse without external 
components? What is the pulse width? 

8. a. Show connection to the 74121 to obtain a 250-msec pulse. 

b. Select components to obtain jitter-free operation. 
9. a. Using the formula and recommended values of external components, 
what is the minimum pulse width attainable with the 74121? 
b. What is the minimum pulse width attainable according to the specifica- 
tion sheet? (See Appendix 12-2.) 
c. Why is there a difference? 
10. C4 = 1000 pF and R,,,=33K are connected to the 74121. What is the 
generated pulse width? 
11. Assuming the conditions in problem 10 and the input waveforms in Fig. 
12-23: 
a. Select proper voltage level for A, so the MONOSTABLE will trigger 
from A}. 
b. Draw the Q and Q waveforms in time relationship to the input. 


V4 ] 
Vin 
Vin 
Ve 
Vin 
Vin 
40 80 120 160 200 240 
Time (usec) 
Fig. 12-23. 


12. Repeat problem 11b with the v4; and vg waveforms reversed. Make A, 
level HIGH. 
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13. 


14. 
15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


Input 
trigger | | 


Fig. 
23. 


24. 
25. 


26. 


Problems 503 


Draw the O waveform if the 74121 emits a 25-ysec pulse and the input is 

a 100-kHz square wave applied to terminal B. Draw two cycles. Assume 

proper inputs to A, and A, for operation. 

What is the purpose of the Schmitt trigger in the 74121? 

a. To trigger the 74121 at terminal A, the level of the input trigger will 
be higher or lower than ____ V. 

b. Repeat problem 15a with the signal at B. 

c. What will happen in problems 15a and b if those voltages are not 
reached? 

Which pulse has more current drive during the pulse, Q or Q? (Assume 
the 74121.) 

a. How do the input and output currents of the 74121 compare with those 
of the 7400 NAND gate? 

b. Repeat problem 17a for output voltages. 

What is the difference between a retriggerable and non-retriggerable 

monostable multivibrator? 

What would the QO waveform look like if the 74121 in problem 13 were 

replaced with a 74122 (see Appendix 12-1)? 

a. What would the waveform in problem 19 look like if the third pulse 
were missing? 

b. Repeat problem 20a if the second and third pulses were missing. 

Record the pulses at points X, Y, and Z on Fig. 12-24, indicating the times 

of the edges in reference to the triggering edge of the input. Call triggering 

edge time zero. 

What is the name given to the circuit in Fig. 12-24? 






ss @ 


15 usec 


12-24. 


Use two single shots to attain a 10-ysec pulse delayed 3 msec from a 
negative step. 

Add another stage to the result in problem 23 which will generate a 5-WSeCc 
pulse on the trailing edge of the 10-sec pulse. 

Using Fig. 12-25, draw the waveform of the NAND gate output in time 
relationship to the triggering edge of the input pulse. 

Repeat problem 25 replacing the NAND gate with a NOR gate. 
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Input 
trigger | | 
L 


Fig. 


27. 


28. 


29. 


30. 


31. 





25 msec 
Q 





12-25. 


Using the 555 timer as a MONOSTABLE, during the time of the pulse 
a. is the flip-flop SET or RESET; 

b. is OQ; ON or OFF; 

c. is comparator 1 positive or negative? 

Using the 555 timer as a MONOSTABLE, find the external time con- 
stant, Ry and Cy to obtain a 33-ysec pulse. Assume Voc = 15 V. 

The 14528B is triggered by a positive edge. 


a. To which terminal is the edge applied? 


b. What level is applied to the other input? 

ec. Draw the Q pulse if Ry = 47K and Cy= 0.022 wF with Vp = 15 V. 
Draw the Q waveform for the conditions of problem 29 if 

a. the input is a square wave with a frequency of 1 kHz; 

b. the input is a square wave with a frequency of 5 kHz. 

The 74121 has an output pulse width of 10 wsec. Assume the v,, waveform 
is the same as that shown in Fig. 12-23. Also assume the v,, waveform is 
the same as that shown for vz in Fig. 12-23. If V; is HIGH, draw the output 
waveform in time relationship to the input. 
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APPENDIX 12-1: 54/74 Families of Compatible TTL Circuits. 


MONOSTABLE MULTIVIBRATORS Resi 
121 Veco NC ANC Cext Cext Rint NC 


FUNCTION TABLE 


INPUTS | OUTPUTS 


















See Notes 





G nc At A2 B Q GND 
SN54121/SN74121(J, N, W) 
SN54L121/SN74L121(J, N, T) 
121... Ring = 2 KQ NOM 
‘L121... Ring = 4 kKQ NOM 


xe TIKKe 
rx<+rn<mxer-x 
+>>IrrxrIXri2zt 
ed tad er 
oocogrzr: 





See page 134 
NC—No internal connection 


RETRIGGERABLE MONOSTABLE MULTIVIBRATORS WITH CLEAR 







Rext/ 


FUNCTION TABLE Voc Cext NC Cext NC Rint Q 


INPUTS OUTPUTS 
CLEAR|A1 A281 B2|Q | 


Xx MX X X 
H 






r- 





















Al A2 B1 B2 CLR G  GNO 


SN54122/SN74122(J, N, W) 
SN54L.122/SN74L 122(J, N, T) 
122... Rint = 10 kQ NOM 
'L122.... Rint = 20 k2 NOM 








See Notes 


Sen h ne ee eas 222s 


6599999 95rerreer 


?-o- TIT TriIrTrTiTiigctitcK KK xK 
x rey - TKK KF PF TK XK 

EE Tlie iin Ix Fx 
FEE Lhe tote Loe K x 











See page 138 


NC—No internal connection 


DUAL RETRIGGERABLE MONOSTABLE MULTIVIBRATORS WITH CLEAR 


123 


FUNCTION TABLE 
OUTPUTS 


1 Rext/ 1 2 
Vcc Cext Cext 10 20 CLR 2B 2A 






















See Notes 


2 Rext/ GND 
Cext 








Cext 


SN54123/SN74123(J, N, W) 
SN54L123/SN74L123(J, N) 






See page 138 


NOTES: A. H = high level (steady state), L = low level (steady state), t+ = transition from low to high level, | = transition from high to low 
level, SL = one high-level pulse, LF = one low-level pulse, X = irrelevant (any input, including transitions). 

To use the internal timing resistor of ‘121, 'L121, ‘122, or ‘L122, connect Rint to Vcc. 

An external timing capacitor may be connected between Cex; and Rext/Cext (positive). 

For accurate repeatable pulse widths, connect an external resistor between Rext/Cext and Vcc with Rint open-circuited. 

To obtain variable pulse widths, connect external variable resistance between Rjnzt or Rext/Cext and Vcc. 


mon f 
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APPENDIX 12-2: Monostable Multivibrators with Schmitt-Trigger Inputs. 
description 


These multivibrators feature dual negative-transition-triggered inputs and a single positive-transition-triggered input which can be used as an 
inhibit input. Complementary output pulses are provided. — 

Pulse triggering occurs at a particular voltage level and is not directly related to the transition time of the input pulse. Schmitt-trigger input 
circuitry (TTL hysteresis) for the B input allows jitter-free triggering from inputs with transition rates as slow as 1 volt/second, providing the 


circuit with an excellent noise immunity of typically 1.2 volts. A high immunity to Vcc noise of typically 1.5 volts is also provided by internal 
latching circuitry. 


Once fired, the outputs are independent of further transitions of the inputs and are a function only of the timing components. Input pulses 
may be of any duration relative to the output pulse. Output pulse length may be varied from 40 nanoseconds to 28 seconds by choosing 
appropriate timing components. With no external timing components (i.e., Rint connected to Vcc, Cext and Rext/Cext open), an output pulse 
of typically 30 or 35 nanoseconds is achieved which may be used asa d-c triggered reset signal. Output rise and fall times are TTL compatible 
and independent of pulse length. 


Pulse width is achieved through internal compensation and is virtually independent of Vcc and temperature. In most applications, pulse 
stability will only be limited by the accuracy of external timing components. 


Jitter-free operation is maintained over the full temperature and VCC ranges for more than six decades of timing capacitance (10 pF to 10 UF) 
and more than one decade of timing resistance (2 k{2 to 30 kQ for the SN54121/SN54L121 and 2 kQ to 40 kQ for the SN74121/SN74L 121 ). 
Throughout these ranges, pulse width is defined by the relationship tw(out) = CTRTIn2 ~ 0.7 CTRT. In circuits where pulse cutoff is not 
critical, timing capacitance up to 1000 uF and timing resistance as low as 1.4 kQ may be used. Also, the range of jitter-free output pulse widths 
is extended if Vcc is held to 5 volts and free-air temperature is 25°C. Duty cycles as high as 90% are achieved when using maximum 
recommended RT. Higher duty cycles are available if a certain amount of pulse-width jitter is allowed. 


recommended operating conditions 


54 FAMILY 
74 FAMILY 


S Vv , 54 Family 4.5 Bob 4.5 
t 
upply voltage, Vcc 74 Family 4.75 & 56.25 | 4.75 
High-level output current, Ioy 


Low-level output current, Io. 


R f fall of Ise, dv/ Schmitt input, B 
ate of rise or fall of input pulse, dv/dt na 
a Logic inputs, A1, A2 


Input pulse width, ty(in) 


External timing resistance, Rex 


54 Family —55 125 | —55 
Operating free-air temperature, Tp 74 Family 7 as a 
ami 





Courtesy Texas Instruments 
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APPENDIX 12-3: Monostable Multivibrators with Schmitt-Trigger Inputs. 


electrical characteristics over recommended operating free-air temperature range (unless otherwise noted) 
SN54121 SN54L121 


PARAMETER TEST CONDITIONSt SN74121 SN74L121 


MIN TYP! MAX 


0.8 1.4 
2 









Vcc =MIN, 
Vcc =MIN, 


TFor conditions shown as MIN or MAX, use the appropriate value specified under recommended operating conditions. 
fall typical values are at Voc = 5 V, Ta = 25°C. 

®Not more than one Output should be shorted at a time. 

*The input clamp voltage specification is effective for Series 54/74 parts date-coded 7332 or higher. 


switching characteristics, Vcc =5 V, TA = 25°C 


PARAMETER TEST CONDITIONS 


Propagation delay time, low-to-high- 


EQUIVALENT OF EACH INPUT 













< 
O 
O 






= UNIT 
MIN TYP MAX |MIN TYP MAX 












t 

noe level Q ou:put from either A input 

; Propagation delay time, low-to-high- eieuee Reg NOM 

Poh level Q output from B input ‘121 "L121 
: : : Al 4kQ 8k 

: Propagation delay time, high-to-low- AkKQ 8 kQ 

PHL 








2 kQ 4k 


TYPICAL OF BOTH OUTPUTS 
Vcc 





level O output from either A input 


: Propagation delay time, high-to-low- 
PHL “a 
level Q output from B input 


Pulse width obtained using 
tw(out) 













Cc = 15pF, 
Ri = 400 2 for 121, 
R_. = 800 2 for ‘L121, 










Req 








internal timing resistor See Note 1 


Pulse width cbtained with 
tw(out) 





70 110 #150 | 70 225 2601] ns 
Rint to Vcc 
Cy =0, 
20 30 50 20 35 70 | ns 
Rint to Vcc 
Cy = 100 pF, 
600 700 800 | 600 700 850 | ns 
RT =10k2 
Cr=1uF 
po ees 6 7 8 6 7 ge | me 
Rt = 10kQ 


OUTPUT 
zero timing capacitance 










Pulse width obtained using 


t 
wlout) external timing resistor 





121: Reg = 130 2 NOM 
‘L121: Reg = 260 82 NOM 








‘NOTE 1: Load circuit and voltage waveforms are shown On page 148. 
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APPENDIX 12-4 


DUAL MONOSTABLE MULTIVIBRATOR 


The MC14528B is a dual, retriggerable, resettable monostable 
multivibrator. It may be triggered from either edge of an input pulse, 
and will produce an accurate output pulse over a wide range of 
widths, the duration and accuracy of which are determined by the 
external timing components, Cx and Rx. 


Separate Reset Available 

Quiescent Current = 5.0 nA/package typical @ 5 Vde 

Diode Protection on All Inputs 

Triggerable from Leading or Trailing Edge Pulse 

Supply Voltage Range = 3.0 Vdc to 18 Vdc 

Capable of Driving Two Low-power TTL Loads, One Low-power 
Schottky TTL Load or Two HTL Loads Over the Rated Temper- 
ature Range 


See MC14538B Data Sheet for Applications Requiring 
Precise Control of Output Pulse Width 


MAXIMUM RATINGS (Voltages referenced to Vss) 


[Rating «dS mb Vale [Unie] 
[Oc Supply Vorwge SSCS | OO | Vee 
Pinout Voltage. All inputs —————*dYT—Vin_‘[-0 50 Vpp+ 05] Vee 
[Bc Current Drain perPin dt | 10 (mae 


Vdc 

Vdc 

Operating Temperature Range — AL Device -55 to +125 “ig 
-40 to +85 
















CL/CP Device 


Storage Temperature Range -65 to +150 


LOGIC DIAGRAM 
(1/2 of Device Shown) 


< 
0 
o) 


O 
D 
x< 
sii dice abel 
I 
1.0 
7T,. xX 
! 
| 


it u. S 
iI|-o- 


1 * 
Typ 


Note: Externally ground pins 1 and 15 to pin 8. 








CHAPTER 12 








CMOS MSI 


(LOW-POWER COMPLEMENTARY MOS) 






DUAL 
RETRIGGERABLE/RESETTABLE 
MONOSTABLE MULTIVIBRATOR 


--L SUFFIX 
CERAMIC PACKAGE 


CASE 620 


P SUFFIX 
PLASTIC PACKAGE 


CASE 648 


ORDERING INFORMATION 


MC14XXXB Suffix Oenotes 
L Ceramic Package 
Plastic Package 
Extended Operating 
Temperature Range 
Limited Operating 
Temperature Range 





BLOCK DIAGRAM 


Ry and Cy are external components. 


Vpp= Pin 16 
Vss= Pins 





Courtesy Motorola, Inc. 
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APPENDIX 12-4 (continued) 


ELECTRICAL CHARACTERISTICS 


Characteristic 


Output Voltage 
Vin’ Vpp or O 


Vin ~90r VDD 


Input Voltage # “O’’ Level 
(Vg - 4.5 or 0.5 Vdc) 
(Vo = 9.0 or 1.0 Vdc) 
(Vo = 13.5 or 1.5 Vdc) 

“1” Level 
(Vo = 0.5 or 4.5 Vdc) 
(Vo = 1.0 or 9.0 Vdc) 


(Vo = 1.5 or 13.5 Vde) : 

Output Drive Current (AL Device) 
(VOH = 2.5 Vdc) Source 
(VOH = 4.6 Vdc) 


oan 
[P00 


(VOH = 9.5 Vdc) 
(Vou = 13.5 Vdc) 
(VoL = 0.4 Vde) 
(Voy. = 0.5 Vde) 
(VoL = 1.5 Vdc) 


Output Drive Current (CL/CP Device) 
(VoH = 2.5 Vdc) Source 
(VOoH = 4.6 Vdc) 

(VOH = 9.5 Vde) 
(VoH = 13.5 Vdc) 
(VoL = 0.4 Vdc) 
(VoL = 0.5 Vdc) 
(VoL = 1.5 Vdc) 

Input Current (AL Device) 

Input Current (CL/CP Device) 

Input Capacitance 
(Vin = 0) 

Quiescent Current (AL Device) 
(Per Package) 


ao 
Oo oO 


_ 
on 


_ 
o 





+ 


o 


2 oO 
3 - 
No O 
om? ire) 


=_ oO —_— | = 
Sp on 


Quiescent Current (CL/CP Device) 
(Per Package) 


—- = Oo 
ROG 


**Total Supply Current at an external 
load Capacitance (C,_) and at 
external timing capacitance (Cx), 
use the formula — 


z= 


*Tlow = -85°C for AL Device, 40°C for CL/CP Device. 
Thigh = +125°C for AL Device, +85°C for CL/CP Device. 
#Noise immunity specified for worst-case input combination. 
Noise Margin for both “1"’ and “0” level = 1.0 Vde min@ Vpp = 5.0 Vde 
2.0 Vde mMin@ Vpp = 10 Vde 
2.5 Vde min@ Vpp = 15 Vde 


**The formulas given are for the typical characteristics only at 25°C. 
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0.36 
0.9 


0.005 
0.010 
0.015 
0.005 
0.010 
0.015 


IT(CL, Cx) = (C+ 0.36Cx )Vppf + 2x10~8 Ry Cx (Vpp—2)2¢] x 1073 
where: I in wA (per circuit), CL and Cx in pF, Ry in megohms, 


Vop in Vdc, f in kHz is input frequency. 


Courtesy Motorola, Inc. 
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APPENDIX 12-4 (continued) 


SWITCHING CHARACTERISTICS** (Cc, =50 pF, Ta = 25°C) 


h isti T 
Output Rise Time tTLH 
tTLH = (3.0 ns/pF) Cy + 30 ns 180 
tTLH = (1.5 ns/pF) Cy + 15 ns 90 se 
tTLH = (1.1 ns/pF) Cy + 10 ns 65 | 130 
Output Fall Time 
100 200 

















tTHL = (1.5 ns/pF) Cy + 25 ns 
tTHL = (0.75 ns/pF) CL + 12.5 ns 
tTHL = (0.55 ns/pF) Cy + 9.5 ns 
Turn-Off, Turn-On Delay Time — A or B toQ or OQ 
tPLH, tPHL = (1.7 ns/pF) Cy + 240 ns 
tPLH, tPHL = (0.66 ns/pF) CL + 87 ns 
tPLH, tPHL = (0.5 ns/pF) Cy + 65 ns 
Turn-Off, Turn-On Delay Time — A or B to Q or O 
tPLH, tPHL = (1.7 ns/pF) Cy + 620 ns 
tPLH, tPHL = (0.66 ns/pF) C_ + 257 ns 
tPLH, tPHL = (0.5 ns/pF) Cy + 185 ns 


Minimum Input Pulse Width — A or B 





























Output Pulse Width — Q or a 
(For Cy < 0.01 uF use graph for appropriate Vpp level.) 











Output Pulse Width — OQ or Q 
(For Cx > 0.01 uF use formula: 

tw = 0.2 Rx Cx Ln [Vpp — Vss))t 

Pulse Width Match between Circuits in the same package 









Reset Propagation Delay — Cp to Q or Q 







Minimum Retrigger Time 


So Rn op A aie | | 
Ce AT a A A 
[External Timing Capacitance Nin 


The formula given is for the typical characteristics only. 
T Ry is in Ohms, Cy is in farads, Vpp and Vgsg in volts, PWout in seconds. Courtesy aaa 
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The Astable Multivibrator 


As mentioned in Sec. 10-1.3, the astable multivibrator will not stay in a 
particular state but oscillates from one state to the other. Because of this it has 
application as a pulse oscillator and can be used for CLOCK generation. 

The duty cycle and period of the pulse are controlled by the selection of 
RC timing components external to the integrated circuit. A 50% duty cycle 
can be achieved in which case the circuit is a square wave generator. 


13-1 CROSS-COUPLED MONOSTABLE 


A convenient way to make an astable multivibrator is to loop two single shots 
so that they trigger each other as in Fig. 13-1. This is essentially a ripple 
counter that recirculates. Using Fig. 13-1(a) as an example, notice that the 
negative edge of the SS, Q output comes back and triggers SS), causing the 
combination to switch back and forth cotinually. The same operation occurs 
in Fig. 13-1(b) only the positive edge of Q does the triggering. 

The high and low levels on the uncoupled input terminals merely serve 
to open the input gates for the triggering edge (see Sec. 12-5.1). 


Example 13-1 Two 74121 MONOSTABLEs are used to create an astable 
multivibrator. For SS, Rex: = 22K and C,.,, = 1000 pF. For SS, Rex = 47K and 
Cext = 2200 pF. Draw the output pulse from the Q terminal of SS). 


Solution The pulse widths generated in each MONOSTABLE are 


ty, = 0.7 X 22K X 1000 pF = 15 wsec 
tw. = 0.7 X 47K X 2200 pF = 72 psec 


Refer to Eq. (12-2a). The Q output SS, is LOW during the pulse duration of 
SS,. Therefore, the output pulse from this terminal is as shown in Fig. 13-2. 
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(b) 
Fig. 13-1 Astable multivibrators from cross-coupled 74121 MONOSTABLES. 


Since each single shot has both Q and Q outputs there are four possible 
outputs from this circuit. However, due to redundancy, there are only two 
distinct waveforms. 


Example 13-2 


a. Which terminal of SS; has the same waveform as Q of SS,? 
b. Draw the waveform at the other terminals. 


Y out 


as 


0 20 40 60 80 100 120 140 160 180 
Time (sec) 


Fig. 13-2 Q output of $S,—Example 13-1. 
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Solution 


a. Since the two single shots alternate their pulses, their waveforms are 
complementary. QO of SS,, therefore, has the same waveform as Q of 
SS. 

b. for the same reason, O SS, and Q SS, also have the same waveform. 
This is shown in Fig. 13-3. 


kL WN 


OW 


20 40 60 80 100 120 140 160 180 


Time (usec) 


Fig. 13-3 Q output of SS, and Q output of $S,—Example 13-2. 


Example 13-3 Use 2 each 74121 MONOSTABLESs to obtain a 25% duty 
cycle jitter-free pulse with a frequency of 250 kHz. 


Solution The period is 1/250 kHz or 4 psec. To obtain a 25% duty cycle, one 
of the MONOSTABLEs must generate a pulse of 1 psec. The pulse width 
generated by the other MONOSTABLE is therefore 3 psec. The MONO- 
STABLEs should be interconnected as in either Fig. 13-1(a) or (b). The 
output pulse will be taken from one of the Q terminals. ReaiCex for SS, is 
determined from Eq. (12-2a): 


1 psec = 0.7 Ret Cext 
RegtCext = 1/0.7 = 1.43 psec 


From Sec. 12-5.2 we find the limits of R.,,; and C,,, for jitter-free operation. To 
repeat 


2K < Re: < 40K 
10 pF < Co < 10 pF 


Assume C,x= 100 pF or 0.0001 pF. This is a convenient size. Then 
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_ 1.43 psec 
ext 100 pF 


= 14.3K 
= 15K nearest practical size 


R 


RexwtCext for SS, is therefore 
3 X 1.43 = 4.29 psec 


Assume C,,, = 330 pF. As a result, 


13-2 STARTING 


In the previous section the explanation assumed the ASTABLE was already 
in operation. A question often asked, and justifiably so, by learners is, 
“Where does the first pulse come from?” Due to the strange order of happen- 
ings when a circuit is turned on, it is not uncommon to obtain a variation in 
the output of a circuit before it assumes the natural or steady-state position. 
If this variation on either single shot reaches the triggering level, it will trigger 
its opposite counterpart, initiating astable operation. 

However, there is no assurance that these output variations mentioned 
above will be sufficient to cause triggering. In that case both single shots can 
go into their natural state and stay there. As a result, no oscillations will occur. 

To assume operation, an external triggering pulse must be applied to one 
of the single shots during the turn-on cycle of the machine. In Fig. 13-1(b) a 
positive trigger needs to be applied to one of the B terminals; in Fig. 13-1(a) 
a negative trigger needs to be applied to one of the A terminals. 

Figure 13-4 shows a mechanical means of starting, using a push button 
contact which is linked to the shaft of the turn-on mechanism. This contact is 
closed and then opened. The opening causes the level at input B to jump from 
ground to the supply voltage Vcc. This positive step initiates the respective 
single shot, starting the ASTABLE. With the contact open, a HIGH remains 
on B, opening the input gates to the cross-coupled triggering edge. Since SS, 
is inactive when the input step is applied, the Q output provides the necessary 
low level to the A, terminal of SS, to enable the positive triggering edge 
necessary to START. 

If the multivibrator is cross-coupled the other way, as in Fig. 13-1(b), the 
Start circuit must be applied to an A terminal. In this case the button and 
resistor are reversed in position so that the closing and opening of the contact 
causes a negative step to be applied to A,. The connections are as indicated 
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Fig. 13-4 Push button start of astable multivibrator (positive step). 


in Fig. 13-5. With the switch open, A, remains LOW after the initial trigger. 
This is necessary to enable positive edge triggering at terminal B during the 
astable operation. A, of SS, and the initial position of the SS, O terminal are 
HIGH. This opens the input circuits to the negative starting edge. 





Fig. 13-5 Push button start of astable multivibrator (negative step). 


13-3 THE 555 TIMER AS AN ASTABLE MULTIVIBRATOR 


Perhaps the most used astable multivibrator circuit is that employing the 555 
timer. Operation is very similar to a monostable multivibrator. The big differ- 
ence is the control of both the discharge and charge times of the capacitor. ‘The 
circuit is shown in Fig. 13-6. 


13-3.1 Operation 
There is only one capacitor in this circuit. The charging time controls the mark 


portion of the pulse; the discharge controls the space. The charging phase is 
almost identical to that of the MONOSTABLE. (See Sec. 12-8.2.) 
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> 
Control 
: 7 Discharge 6 Threshold voltage 
0.01 wF 
(filter) 
Comparator 1 | = 


5k 





~ Comparator 2 


Ground 


] 


Fig. 13-6 555 timer with external connections for astable multivibrator. 


The flip-flop is SET. O is LOW. Q, is OFF. 


‘The capacitor charges through R, and the forward-biased diode D,. (The 
reverse-biased D, blocks current from flowing through R;.’ 


"The diodes allow charge and discharge through separate resistors. This makes the two 
pulse widths independent of each other. 
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When the capacitor voltage exceeds } Vcc, comparator 1 switches from 
LOW to HIGH. (Note the connection from the capacitor to the com- 
parator via terminal 6.) 


The high level from comparator 1 resets the flip-flop ending the charge 
interval. 


When the flip-flop RESETs, Q goes HIGH turning Q, ON. Q; dis- 
charges the capacitor. However, in this circuit, unlike the MONOSTABLE, 
the discharge path is through a resistance preventing a rapid operation. The 
exact path is through Rg and D, which is now forward biased since Q, is in 
saturation. Since D, is now switched OFF, discharge current will not pass 
through it. The capacitor, which is also externally connected to the input, 
discharges until its voltage reaches ; Vcc. At this point the inverting input of 
comparator 2 becomes less than the noninverting input. This makes the com- 
parator output switch from LOW to HIGH causing the flip-flop to SET. 

When the flip-flop SETs, the discharge is complete and the capacitor 
begins to charge again. The output amplifier inverts the voltage at Q. There- 
fore, the output pulse has a high level when the capacitor is charging and a low 
level during discharge. 


13-3.2 Self-Start 


When the timer is turned on, the position of the flip-flop is indeterminant. 
However, this is no problem. It it comes on SET, the capacitor will start to 
charge and the operating cycle begins. If it comes on RESET, Q, will go ON 
and bring the inverting input of comparator 2 below 3 Vcc as the capacitor 
discharges. This action will then cause the flip-flop to SET. In either case the 
operating cycle is initiated. As a result, the 555 astable multivibrator starts on 
its own, making additions to the circuit unnecessary. 


13-3.3 Determination of Pulse Widths 


As mentioned before, there are two parts of the output pulse—the mark, 
which occurs during the charging of the capacitor, and the space, which occurs 
when the capacitor discharges. Because of this, two pulse widths must be 
determined. Both use the familiar timing equation 


E — Eo 


ty = RC In ee 





which was developed in Chapter 3 and used for the MONOSTABLE. How- 
ever, the constants of the equation are different for each astable operation. 
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When charging, 


E = Vec 
fy = 3Vec 
Cw = Voc 
R —_ R, 
Therefore, 
2 
(t,)e= RaC In 06 —3 Vee 
Voc — 3 Vec 
= R,zC In Zz 


When discharging, 


EF =0, the capacitor tries 


to discharge 





to 0 V 
Ey =3 Voc 
é, =3Vec 
R=R;z 
and 
0-44Vec 
ty a = RgC In —— 
( Ne . 0-3Vec 
= RzC In 2 


The period equals the sum of the two pulse widths, 


\ (tye a (t)a 
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(13-1) 


(13-2) 


The duty cycle is determined by the relative values of R, and Rz. When 


R, is greater then Rz, the duty cycle is greater than 50%. 


Example 13-4 A 555 timer is connected for use as an astable multivibrator. 
The external components are C = 0.001 wF, R, = 2.2K, and Rz = 4.7K. Find 


the period and duty cycle. 


Solution Using Eq. (13-1), 


(ty). = 0.7 X 2.2K X 0.001 pF 


= 1.54 usec 
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Using Eq. (13-2), 


(t,)q= 0.7 X 4.7K X 0.001 pF 
= 3.29 sec 
T = 1.54 + 3.29 = 4.83 psec 


_ 1.54 _ 
Duty cycle = 7.33 * 100 = 32% 


Example 13.5 


a. Keeping the period the same, find the ratio of R4 to Rg to achieve a 
duty cycle of 75%. 
b. Repeat a for a duty cycle of 33.3%. 


Solution 


a. T = 4.83 wsec (period same as in Example 13-4), 


(ty) = 0.75 X 4.83 psec 

= 3.63 psec 

= 0.7R,4C [using Eq. (13-1)| 
(t,,)q = 0.25 X 4.83 psec 

= 1.21 psec 

= 0.7R,C [using Eq. (13-2)| 


Therefore, 

R,C =3R gC 
from which 

R, = 3Rz 


b. (ty)- = 0.333 x 4.83 psec 
= 1.61 psec 
= 0.7R4C 
(ty)a = 0.667 X 4.83 psec 
= 3.22 psec 
= 0.7RgC 


from which 


Ra — 0.5Rp 
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13-3.4 Minimum R, and R, 


In Sec. 12-8.4 it was explained that the charging resistor had to be less than 
a certain value to allow sufficient charging current. If the charging current is 
too low, the comparator threshold current will divert appreciable resistor 
current from the capacitor and increase the charging time. Since the charging 
circuits of the astable and monostable multivibrators are essentially the same 
using the 555 timer, the same relationship for the charging resistor applies 
here. Changing the subscripts of the charging current and resistor, Eq. (12-4) 
becomes 


Vec 
R4 (max) — 3 in 
A 


where ig, is the charging resistor current. 

With the ASTABLE, the effect of the threshold current on the discharge 
current also has to be considered. The discharge current decreases as the 
capacitor discharges so the minimum occurs at Vo = ;Vcc when comparator 2 
operates. At this point the voltage across Rg also equals ; Vcc. Using Ohm’s 
law, 


Voc 
Racmax) = ip 
B 


which again is basically Eq. (12-4) where ig, is the discharge resistor current. 
As in the case of the MONOSTABLE, both Jp, and Ip, have to be much 
greater than the threshold current. In the ASTABLE circuit both comparators 
load the capacitor charge and discharge circuits. Therefore, the threshold 
current will be double the individual value. 


Example 13-6 Find the values of R4, Rg, and C for Example 13-5a assuming 
Voc = 5. 


Solution Both R, and Rz have a maximum value at which the charge and 
discharge currents must greatly exceed the threshold currents. Using the 
maximum value of threshold current U/7y = 0.25 A) from the specification 
sheet of the 555 timer and doubling it to accommodate both comparators, 


Ip, and Ir, > 1000 X 0.25 pA X2=0.5 mA 


(Refer to Example 12-13.) Then, 
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5 
Ra(max) = R Bmax) = 3x05 mA = 3.33K 


A maximum restriction on R entails a minimum value of C to obtain the 
required pulse width. The idea is to find a value of C that will allow both 
resistors to be less than the maximum. 

For the 1.21-ysec pulse, 


1.21 psec 
Cin TR. from Eq. (13-2), 
— 1.21 psec _ 
“O7K553K 07 FP 


For the 3.63-ysec pulse, 


Cnin= 1557 pF (3 X 519 pF) 
Assuming C = 1800 pF, 


— L2lpsec _ - 
Rz= 0.7 x 1800 pF 0.96K ~ 0.91K or 910 Q, 


R, = 3Rp, = 3 X 0.91K = 2.73K = 2.7K 
Both resistors are less than the maximum requirement of 3.33K. 


Example 13-7 Find Ra, Rg, and C to give a square wave with a period of 100 
wsec. Vec=5 V. 


Solution 


(ty c= (twa = 50 psec 
R amax) = R (max) =3.33K from Example 13-6 
50 psec 


Comin) = 6-7 x 3.33K — 0-021 BE 
Use C = 0.033 pF 
_ _ 50 sec _ = 
R,=Rzg= 0.7 X 0.033 pF =2.17K =2.2K 


Naturally there are other combinations of resistance and capacitance which 
will give the desired result. 
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13-4 EXTERNAL SYNCHRONIZATION 
13-4.1 The Need 


The resistors and capacitors that control the duty cycle and period have a 
tolerance. If these tolerances are in the same direction, the results can be 
cumulative. Because of this, the calculations, which were limited to single 
values in the example, can have appreciable variation. 


Example 13-8 In Example 13-4 assume Ry, Rg, and C all have a5% tolerance 
and are at the upper end. Find the period and compare with the period in 
Example 13-4. 


Solution 
R,=2.2K X 1.05 =2.31K 


Rz= 4.7K X 1.05 = 4.94K 
C =0.001 pF x 1.05 = 0.00105 wF 
(ty)¢ = 0.7 X 2.31K x 0.00105 wF = 1.7 usec 
(ty)q = 0.7 X 4.94K x 0.00105 wF = 3.63 psec 
T =1.7+ 3.63 =5.33 psec 
T for Example 13-4 = 4.83 wsec 


aera = me x 100 = 10.4% increase in the period 

It is not probable that all tolerances will contrive to yield the worst-case 
result. However, worst-case tolerances are always possible and failure to ac- 
commodate them leaves some degree of insecurity. 

Another possibility would be for R, to go 5% off in one direction and 
Rz to go 5% in the other. This would not effect the period appreciably, but 
in this case the duty cycle would change by about 6%. 

In addition, there are tolerance variations within the 555 timer and single 
shots which compound the problem. Also, there are small variations due to 
temperature which can cause the period and duty cycle to vary slightly during 
operation. 

Some applications can withstand variations like these, including the 
range expressed in Example 13-8. Also, the overall tolerance can be reduced 
at a cost disadvantage by using tighter tolerance components. 

However, there are some applications where the frequency must be 
accurate to many decimal places. A good example of this is in the sweep 
frequency of an oscilloscope. If an astable multivibrator controlling the sweep 
frequency is allowed to run free, it will be impossible, even with the finest 
adjustment and the tightest tolerance components, to make the input signal 
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stand still. However, the input signal can be coupled to the multivibrator to 
make the circuit oscillate in harmony with the input. This will result in a stable 
pattern on the screen and is known as synchronization. 


13-4.2 Synchronizing the 555 Timer 


To synchronize the 555 timer, it should have a free running frequency slower 
than the desired rate. This will give a longer period. Then, by applying the 
synchronizing pulse before the free run period is over, as in Fig. 13-7, the next 
cycle will begin. Subsequent cycles will be interrupted the same way resulting 
in a frequency controlled by the “sync” signal. 

The synchronizing signal is a negative-going pulse applied to the RESET 
terminal of the timer. The RESET function of the 555 timer is explained in 
Sec. 12-8.5. To review, the negative RESET pulse turns on Q, which then 
causes current to flow into both the flip-flop and the base of Q,;. This causes 


Vou 


(a) 


(b) 


OH 


OL 


(c) 


Fig. 13-7 Frequency stabilization of ASTABLE (using 555 timer). (a) Free-run period. 
(b) Synchronizing pulse applied to RESET terminal. (c) Synchronized output. 
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the flip-flop to RESET and Q, to turn on. With Q, ON, the capacitor charge 
phase ends and discharge begins. The ASTABLE now resumes its natural 
function until the next “sync”? pulse which repeats its interruption of the 
charge phase. 


13-4.3 Synchronizing Cross-Coupled MONOSTABLEs 


In Appendix 12-1, three MONOSTABLES are listed. The 74122 and 74123 
have CLEAR (or RESET) terminals and can be synchronized in the same way 
as the 555 timer by applying a negative pulse to one of these terminals. 
Although these are retriggerable multivibrators, it is impossible to retrigger in 
ASTABLE operation because the period of the input is always wider than the 
generated pulse. 

The 74121 does not have a RESET terminal. In Fig. 13-5, the cross- 
coupled signal is always of a polarity to keep the input gates closed between 
pulses. This prevents any attempt to trigger with a “sync” pulse applied to one 
of the other triggering terminals. 

However, in Fig. 13-4, if a negative pulse is superimposed on the nor- 
mally high level applied to A, of SS; or A, of SS, the respective MONO- 
STABLE can be triggered before the arrival of the cross-coupled triggering 
edge. This will initiate a new cycle* in synchronism with the external pulse. 


SUMMARY 


An astable multivibrator will not remain in a particular state. Due to the 
continual change of state, the output oscillates between high and low levels, 
yielding a periodic rectangular waveform. It is also called a free running 
multivibrator. 

An astable multivibrator can be constructed by cross-coupling two 
MONOSTABLEs. The trailing edge of each output pulse triggers the other 
unit causing a continual train of pulses. The pulse width of each MONO- 
STABLE is determined by its own external RC network. By adjusting the 
pulse widths independently, the period and duty cycle of the output can be 
regulated. 

When power is first applied to a monostable multivibrator, it is not 
uncommon to obtain variations in the output voltage before the circuit as- 
sumes its natural state. When these units are cross-coupled to form an astable 
multivibrator, the variations can trigger the adjacent circuit and initiate oscil- 
lations. Quite often these variations are of insufficient amplitude to cause 
triggering. In that case both MONOSTABLEs assume their natural state 
preventing astable operation. As a result, a means of external self-start should 
always be available. 


* Briefly both single shots will be generating pulses. This will result in different duty cycles 
for the two Q outputs. However, both periods will be the same. 
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A mechanical push button can be used for self-start. If the button is in a 
series circuit with a resistor and Vcc, it can initiate voltage levels of Vcc and 
ground. By closure and release of the button, a triggering edge can be applied 
to the appropriate input terminal. Depending upon the hookup, the button 
can generate either a positive or negative triggering edge. 

By applying an external network of two resistors, two diodes, and a 
capacitor, the 555 timer can be operated as an astable multivibrator. Due to the 
positioning of the diodes the capacitor charges through one resistor and dis- 
charges through the other. The capacitor voltage is applied to both compara- 
tors. When this voltage reaches <Voc, the charge interval ends and discharge 
begins. When the capacitor discharges to 3 Vee: discharge is complete and the 
capacitor begins charging again. In this way operation is continuous, and a 
rectangular wave can be produced. The mark is the pulse generated during the 
charge operation and is equal to 0.7R,4C. The space occurs during discharge 
and has a width of 0.7RsC. The 555 timer astable multivibrator is self-starting. 

The tolerances of the resistors and capacitors in the timing networks are 
additive. This causes the tolerance of both the duty cycle and period to be 
quite broad. Where the application demands an exact period, the ASTABLE 
can be externally synchronized. This is done in the 555 timer by applying an 
external reset pulse which interrupts the capacitor charging phase before the 
output pulse reaches its full width. If the cross-coupled MONOSTABLEs 
have RESET terminals, the external synchronizing pulse can be applied there. 
This causes an interruption of the generated pulse. With negative edge trig- 
gering, cross-coupled MONOSTABLEs can be synchronized without RESET 
terminals. This is done by applying the synchronizing signal to one of the 
uncoupled A terminals. In all cases the synchronizing pulse begins a new cycle 
and has to have a period shorter than the natural period of the free running 
circuit. 


PROBLEMS 


1. a. Cross-couple two 74121 monostable multivibrators to form an astable 
multivibrator. See Appendix 12-1. 
b. Apply necessary levels to unused terminals. 
2. The two MONOSTABLEsS have the following timing components: 


No.1 Rey = 18K, Cex = 0.022 pF, 
No. 2 Res: = 33K, Cot = 0.047 pF. 


a. What is the period and duty cycle of the pulse on the Q terminal of 
MONOSTABLE 2? 
b. What are typical levels of this pulse? Consult Appendix 12-3. 
c. From which other terminal can the same pulse be obtained? 
3. Change timing components in problem 2 to obtain a duty cycle of 40%. 
4. a. Can the 74121 monostable multivibrators in problem 1 be replaced 
with the 74122? 
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. If so, what level must be applied to the CLR terminal? 

Can the 74122 retrigger in this application? Why or why not? 
. Why is a Starting circuit necessary? 

. Apply a start circuit to problem 1. 

c. What does the start circuit do? 


spo st 


. A555 timer is used for an astable multivibrator. Indicate the status of the 


following elements or components in Fig. 13-6 during the mark part of the 


pulse (Vou). 


Flip-flop. SET or RESET condition. 
Q,. ON or OFF. 

Comparator 1. HIGH or LOW output. 
Comparator 2. HIGH or LOW output. 
Capacitor. Charging or discharging. 


a. What is the maximum voltage attainable across the capacitor during 
operation of the 555 timer? 
b. What limits this voltage? 


. a. What is the minimum voltage attainable across the capacitor during 


operation of the 555 timer? 
b. What limits this voltage? 


. Is a start circuit necessary with the 555 timer astable multivibrator? Why 


or why not? 


. If the external components used with the 555 timer are C = 6800 pF, 


R, = 1.8K, and Rg = 2.7K, find the period and duty cycle. 


. Keeping the same capacitance and period as in problem 10, find R, and 


R; to obtain: 
a. a square wave; 
b. a duty cycle of 60%. 


. Find Ry, Rg, and C to obtain a 36-ysec square wave with the 555 timer. 


Refer to Sec. 13-3.4. 


. If all the components in problem 2 have a +5% tolerance, what are the 


maximum and minimum values of the duty cycle? 


. If all the components in problem 10 have a +5% tolerance, what are the 


maximum and minimum values of the period? 


. When is external synchronization necessary for an astable multivibrator? 
. Can an astable multivibrator that runs free at 300 kHz be externally 


synchronized with a pulse of 250 kHz? Why or why not? 


. Where is the external synchronizing pulse applied if the astable multi- 


vibrator uses the 555 timer? What is the polarity of this pulse? Is the pulse 
applied during the charging or discharging part of the cycle? 


- How can an astable multivibrator using the 74122 be externally syn- 


chronized? Why does the 74122 not retrigger in an astable application? 


Appendix A 


Analysis of HIGH- 
and LOW-Frequency Cutoff 


Figure A-1 shows two equivalent circuits with their respective vector dia- 
grams. One is used to demonstrate the condition for high-frequency cutoff; 
the other is used to explain low-frequency cutoff. 

At high frequencies Fig. A-1(a), the response is effected by the shunt 
capacitance while the source is best represented by a current generator. Since 
the generator resistance and load resistance are in parallel, they are lumped 
together and called R,. 

At mid-frequency the reactance is high, and the entire generator current 
goes into the resistance. This gives an output voltage of /,R, where J, is the 
generator current. 

When the frequency increases, reactive current is shunted around the 
resistance. Since the generator current is constant, less current is now avail- 
able for R,. This, of course, reduces the output voltage. 

At fx, R, = X, making the reactive and resistive currents equal. This 
condition is represented by the vector diagram. From the diagram we can see 
that 


I, = V Ur,)° + Ux,) 


XG 
§ = arctan i = arctan 1 = 45° 
R 


P 


Ir, = [cos 9 = 0.7071, 
V, = Ir, Rp = 0.7071, Rp 


- As a result, the output voltage at fy is 0.707 of the mid-frequency value and 
the load current lags the generator current by 45°. Refer to the vector diagram. 

The output power is (V,)’?/R,. Since at fy, V, is reduced by a factor of 
0.707, the power is diminished by (0.707) or 50%. 

In the low-frequency case, Fig. A-1(b), the reactance is in series with the 
load. At mid-frequencies this reactance is low enough so that there is no 
appreciable voltage drop across it. This makes the output voltage equal to the 
input voltage or (V, = Vj). 
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Fig. A-1_ Cutoff conditions. (a) High-frequency cutoff, current source. (b) Low- 
frequency cutoff. 


When the frequency goes down, the reactance goes up producing an 
appreciable voltage drop. When X,=R,, which occurs at f,, the voltages 
across these two impedances are equal. Then, using the vector diagrams, 


Vi= V(Vx,)° + (Ve) 


6 = arctan X,/R, = 45° 
and 
V, = Vr, = V,cos 8 or 0.707V; 


Since the output is across R,, the output voltage leads the input by 45°. 
Using P = (V,)?/R_, it can again be shown that the power delivered to 


the load is $ that at mid-frequency since V,=0.707 V;. 
The voltage drop and power loss can be expressed in decibels (dB). The 


basic definition of dB is in terms of power: 


P 
dB = 10 log 5 
1 
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where P, is the power delivered at mid-frequency and P, is the power delivered 
at fy or f,. Therefore, at either cutoff frequency 


dB = 10 log 0.5 = —3 dB 
Substituting voltage for power in the basic definition, 


V 
dB = 10 log (=?) = 20 log a = 20 log 0.707 = —3 dB 
1 1 


From this it can be said that both the power and voltage are down 3 cB at fy 
and f_. 


Appendix B 
Exponents and Logarithms 


This discussion is a brief refresher for the reader who feels a little rusty in the 
application of exponents and logarithms. 


B-1 EXPONENTS 
Let us call the exponent n and see how it is used. 
you (B-1) 


means that y equals x multiplied by itself n times. If nm =2, then 


y=x-x 
If n =3, then 
YHx'xX'x 


If n is not an integer, but is some mixed number like 3.76, a different 
means of solution must be used since obviously a number cannot be multiplied 
a fractional number of times. The traditional method of solution involves the 
use of logarithms. However, with the advent of the calculator, solution is made 
simple. The steps are | 


» Insert base, 

. press exponential key (y* or equivalent),! 
. insert exponent, 

. press=. 


iA WN = 


‘The calculator key nomenclature does not correspond to Eq. (B-1). y* on the calculator 
key is x” in Eq. (B-1). 
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It is interesting to note that when n is less than 1, y is a root of x. For 
example, 


Sys. 
means that y is the square root of x. Similarly, 
y ay aaa y =e 


make y the third and fourth root of x, respectively. This exponent is usually 
expressed as a decimal instead of a fraction or mixed number, like y =x°”. 

The exponent can also be a negative number. In this case we can apply 
a very important rule of exponents. This rule can be shown easier than 
defined: 


y=rx 4S (B-2) 


Since a calculator will handle negative exponents, the rule is not necessary for 
computations. However, it does have frequent application in the solution of 
equations involving exponents and logarithms. | 

If n=0, y=x°=1. Anything to the zero power is 1. As n increases 
above 0, y increases above 1, the increase becoming rapid as n gains mag- 
nitude. If n is negative, y becomes smaller as the magnitude of n increases and 
approaches 0 as n approaches infinity. 


B-2 LOGARITHMS 
Let us assign a definite number to x, for example 10. Then 
y = 10" (B-3) 


In this case 10 is the base and n is the exponent required to raise the base to 
a value y. | : | 
Equation (B-3) can be transformed to 


logy =n (B-4) 


where n is called the logarithm of y to the base 10. In one case we apply the 
exponent to the base to get a number. In the other case we find the exponent 
required to raise the base to a number. Notice that the logarithm is an 
exponent. 

The base can be any number. However, only two have significant appli- 
cation. These are 10 and e, where e is 2.7182818... and can be determined 
from the series. 
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7 wt ge oo! a a a 
e=ltltstax3 axgua’ 


Indicative of any number expressed by a series, e can be carried out to an 
indefinite number of places. 

e is often referred to as the Napierian base in honor of John Napier a 
Scottish mathematician who discovered logarithms. John Napier lived from 
1550 to 1617, so logarithms have been around for a long time. 

A logarithm using base 10 is called the common logarithm and is abbre- 
viated log or logio. A logarithm using base e is called the natural logarithm and 
is abbreviated In or log,. It is referred to as a natural logarithm because the 
application enables so many calculus formulas to assume their simplest form. 

Lengthy tables of logarithms have been generated for a wide list of 
numbers for both bases. However, this function can be obtained directly on a 
calculator merely by pressing the log key for a common log or the In(x) key 
for a natural log. 


B-2.1 Logarithms of Functions 


The following are logarithms of certain mathematical operations. They are the 
same regardless of the base. 


log(xy ) = log x + log y (B-5) 
log} = log x — log y (B-6) 
log x"=n log x (B-7) 


Note how Eq. (B-7) separates the exponent from the base and puts it in a 
relationship that is easy to calculate. This equation is very useful when an 
exponent is the unknown in an equation and it is desired to find it. 

If the exponent is negative, then the logarithm of the quantity is 
negative: 


log x "= —n log x (B-7a) 


B-2.2 Special Logarithms 


There are two logarithms that deserve special attention. One is the logarithm 
of a number equal to the base, the other is the logarithm of 1. 
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Let us call n the logarithm of 10 to the base 10. Then 
nN = 1og,10 


This is the form of Eq. (B-4) and can be transformed into the exponential 
form, Eq. (B-3), as follows: 


10 = 10” 


n, the logarithm, is the exponent needed to make the base 10 equal to 10. This 
exponent is obviously 1. Therefore, 


logi10 =1 (B-8) 
By substituting e for 10 in the discussion above 

log.(e) or In(e) = 1 (B-8a) 
The same applies to any base. 

Taking the logarithm of 1, 

n = logiol 
and changing to the exponential form, 

1 = 10" 


Since a zero exponent applied to any number gives a result of 1, n = 0 making, 


logiol = 0 (B-9) 
Similarly, 
log.1 or In(1) = 0 ; (B-9a) 


The log of 1 to any base is 0. 
It is easy to see how a reduction to these forms will simplify an equation. 


Example B-1 Solve y = log, 0.01 two different ways using the appropriate 
equations in this appendix. 
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Solution For simplification, express the common logarithm as log 0.01 


a. 
1 
log 0.01 = log 100 
= log 1 —log 100 from eq. (B-6) 
= — log 100 from eq. (B-9) 
= — log 10? 
= —2 log 10 from eq. (B-7) 
=—2 from eq. (B-8) 
b. 
log 0.01 =lo a 
= log 10 from eq. (B-2) 
= —2 log 10 from eq. (B-7) 
= —2 from eq. (B-8) 


Example B-2_ Find the natural logarithm of e~‘/*°, 


Solution 


In e~/®° = —t/RC Ine from eq. (B-7a) 
= —t/RC from eq. (B-8a) 


The procedure of this example is frequently used to “free” the exponent. 
B-3 ANTILOGARITHM 


Like other mathematical operations, there is a converse relationship in loga- 
rithms. If n is the logarithm of y, 


n = logioy from eq. (B-4) 
then conversely 

y = antilog,n | (B-10) 
Similarly, if 


n =In(y) 
y = natural antilog n (B-10a) 
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Expressed in words, the antilog y is the number whose logarithm is n. The 
antilog can be obtained by going the opposite direction in the log tables or 


from the calculator. If a direct antilogarithm key is not available on a calcu- 
lator, the operation can be performed as follows: 


1. Enter the logarithm (n in equations B-10 and B-10a). | 
2. Press the INVERSE key prior to either the common or natural log 
key. 


Since 
y also equals 10” (or e") from Eqs. (B-3) and (B-4) 
the antilogarithm and exponential are equal. 


y = 10"=antilog,n using Eq. (B-10), 
y =e"=natural antilog n using Eq. (B-10a). 


Summarizing, n is both logarithm and exponent while y is both antilogarithm 
and exponential. 


Example B-3. The output of a circuit is 3 V in the mid-frequency range. If the 
output is 5 dB down (see Appendix A) at a higher frequency, what is the 
output voltage? 


Solution 


—5 dB = 20 10210 2 
1 


where V;, is 3 V and V;j is the unknown. 


_ _ V2 
= 40 = 0,25 = logy We 


V2/V; is the antilog of —0.25. Enter —0.25 in the calculator. Press the INV and 
log keys in that order. The result (0.562) is V2/V,. 


V, = 0.562V, = 1.69 V 


Example B-4 What is the natural antilog (1)? 


Solution The antilog is an exponential. Using Eq. (B-10a), 


1 


ae 
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where y is the natural antilog (1). As a result, 
y = natural antilog (1) =e 
Checking with the calculator: 


Enter 1. 
Press the INV and In keys in that order. 
The result is 2.7182818 which is e to seven places. 


Since the value of e is difficult to remember to several places, the antilog 
operation (INV In 1) is very useful for entering this number into the calcu- 
lator.’ 


*If the calculator has an e* key, e can be obtained simply by pressing e*, 1 and = in that 
order. 


Appendix C 
Examples of Differentiation 
and Integration 


C-1 DIFFERENTIATING A TRIANGULAR WAVEFORM 


Figure C-1 shows a triangular waveform applied to a differentiator. ‘The input 
and ideal output waveforms are shown in Fig. C-2. Since the differentiator 
detects the slope or rate of change of the input, the output during the rise is 
constant because the triangle increases at a constant rate. When the triangle 
descends, the rate of change and subsequent output are again constant but 
negative. 

Examination of the output pulse shows an impossibility. The output 
voltage cannot exceed the input as shown near the origin of the curve. A better 
approximation of the output is exhibited in Fig. C-3. Note that it takes time 
to reach the constant voltage. 

A shorter time constant will allow the output to become constant sooner 
but at a lower amplitude. This will become evident after the derivation of Eq. 
(C-1) in the following subsection. The ideal differentiator has a time constant 
of zero. To approach this would lead to an insignificant output voltage. As a 
result, the differentiator only approximates the mathematical function. 

After the constant output voltage is reached, the rate of change of the 
voltage across the capacitance is equal to the rate of change of the input 
voltage. 





Fig. C-1 Differentiator with triangular input. 
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Output 


—_— a 


Fig. C-3 Differentiator output versus triangular input (close approximation). 
Now since 
q = iAt = CAvc 


where q is the instantaneous charge on the capacitor, the capacitor charging 
current is 


This current is constant since the capacitor and input voltages have the same 
constant rate of change. As a result, 
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where / indicates a constant current and 


E,_ &, 


th R 
where ft, is the time of the ascent or descent of the triangular waveform (see 
Fig. C-3), E, is the peak of the input voltage, E,/t, is the rate of change of the 


input voltage, E, is the differentiated output voltage, and E,,/ R is the constant 
current flowing through the output resistor. Therefore, 


E,= RC x = a constant (C-1) 
1 


Notice the faster the change in the input voltage the higher the output of the 
differentiator. Naturally, when the input descends, the rate of change is nega- 
tive, aS 18 E,. 


Example C-1_ A differentiator has a time constant made up of R = 470 Mand 
C = 100 pF. It differentiates a triangular waveform ascending to a peak of 5 
V in 15 psec and descending to 0 in 5 psec. Draw the input and output 
waveforms and calculate the magnitudes of the output. 


Solution 


RC = 470 Q, X 100 pF = 47 nsec 








Ascending, 
v, = 47 nsec ( ay )=15.7 mV 
15 psec 
Descending, 
v, = 47 nsec (- ay | —47 mV 
5 psec 


The waveforms are in Fig. C-4. 
~ C-2 DIFFERENTIATING A SINE WAVE 


When a sine wave is applied to a differentiator, the output is another sine wave 
which leads the input by 90°. This is shown in Fig. C-5. Note that the sine wave 
has its maximum rate of change, or steepest slope, when it goes through zero. 
When it is ascending, the rate is positive and vice versa. At the peaks of the 
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Fig. C-4. 


sine wave, the rate is changing from positive to negative and, as a result, goes 


through zero. 
As mentioned in the previous section, a short time constant demands low 


values of capacitance and resistance. Since a low capacitance causes a high 
reactance, the division of the input leaves only a small voltage across the 
output resistor (see Fig. C-1). 


C-3 INTEGRATING POWER 


One can get an idea of what integration is about by examining the relationship 
of energy and power. Power is a rate. It is the rate of expenditure of energy: 
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Fig. C-5 Differentiation of a sine wave. 


_AW 
oo a 
where W is energy, often called work. Being a rate of change, power can be 
obtained by differentiating the energy with respect to time. 

To find energy from power, the above equation is transformed to 


AW=PxAt 


Having a converse relationship to the differentiation in the original equation, 
the latter operation is called integration. Other examples of converse re- 
lationships are addition and subtraction, multiplication and division, and log- 
arithm and antilogarithm. The transformed equation can be expressed as 
follows. 


The increase in energy is equal to the integration of power over a period 
of time 


Since the amount of energy expended increases as power is integrated over a 
period of increasing time, the process of integration is often referred to as an 
accumulation. However, not every use of the word accumulation infers a 
mathematical integration. | 

The electrical energy we consume is measured in kilowatt hours. The 
KWH meter used by the electric utility to determine our bills is an integrator. 
The rate of rotation of the disk is proportional to the power being consumed 
at that instant. As the disk spins over a period of time, the number of revolu- 
tions represents the amount of energy consumed for that period. The meter 
records the accumulation of the amount of energy expended over a period of 
time, which in turn accumulates dollars for the utility. 
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Figure C-6 shows the integration process graphically. Figure C-6(a) is a 
variation of power consumed over an 8-hour period where, for simplicity, the 
power is assumed to remain steady within each hour interval. Figure C-6(b) 
shows the amount of energy expended from time zero to any point in the 
8-hour frame. This energy is the product of power and time for each interval, 
added to the energy consumed in the previous intervals. At the end of 8 hours, 
the total expended energy is the sum or accumulation of the energy consumed 
during each interval. Integration in this sense is the accumulated product of 
power and time. 

Since power and time are represented on the curve by vertical and 
horizontal dimensions, respectively, the accumulated product of these dimen- 
sions is an area. As a result, the energy expended in 8 hours is the total area 
under the curve in Figure C-6a. Integration is often referred to as the area 
under the curve formed by the x and y variables. 

Example 3-21 shows the output of an integrator after equilibrium has 
been reached. To perform the mathematical function, the output waveform of 
an integrator must begin at time zero. Figure C-7 shows the output of the 
integrator in Example 3-21 for the first half cycle.' During this time the input 
is constant while the output rises at a linear rate. This is because the time 
interval is much less than the time constant. Applied to our example, E 
represents power consumed at a constant rate and v.y, represents the accumu- 
lation of energy over time. 

Reversing the input and output will give the converse relationship of 
differentiation. 

To integrate over a long interval requires a very long time constant. This 
results in a very low output voltage. 


C-4 INTEGRATING CURRENT 
As you will recall, current is the rate at which electric charges move past a 


point in a circuit. Conversely, charge is stored when current flows into the 
plates of a capacitor for a period of time. The equations are 


. _ Aq 
At 


where Aq is the quantity of charge, and 
Ag =i At 


The relationship of current and charge is like the relationship of power 
and energy. 


1yc=E(1—e7/*®°), E =10 V, RC = 26 psec, t = 6 psec at the end of the first half cycle, 
vce = 10(1 — e ~9/%) =2 V. 
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Fig. C-6 Integration of power with time— energy. (a) Power versus time. (b) Expended 
energy versus time. 
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Fig. C-7_ First half-cycle—integrator output in Example 3-21. 


The stored charge in a capacitor is the accumulated product of the 
current and time. 


The stored charge can be determined mathematically by integrating 
current over a period of time. 


If current is expressed over a period of time, as power is in Fig. C-6(a), 
the area under the curve will be the stored charge. 


C-5 SUMMARY 


There are numerous other examples of differentiation and integration in 
the various branches of physics. 

For the RC network to give a true differentiation, the time constant must 
approach zero. Similarly, for the RC network to give a true integration for an 
appreciable time interval, the time constant must approach infinity. Since the 
output voltage under either of these true conditions approaches zero, the 
network can only give an approximation of the mathematical function and is 
generally replaced by a more sophisticated circuit if actual computation 1s 
desired. 


Appendix D 
Network Conversion 


STEPS FOR REPLACING A POSITIVE 
AND-OR NETWORK WITH NAND GATES 


1. Change symbols from AND and OR to NAND: 


For clarity use both NAND symbols—the basic to replace 
AND, the alternate to replace OR. 


2. Input: 

To AND, no change; 

to OR, negate to come into bubble of alternate replacement: 
3. Output: 

From AND, add inverter because output is from bubble of 


basic NAND replacement; 
from OR, no change. 


4. Interior: 


AND to OR, no change; 

OR to AND, no change; 

AND to AND, add intermediate inverter; 
OR to OR, add intermediate inverter; 
AND to INV to AND, remove inverter; 
OR to INV to OR, remove inverter; 
AND to INV to OR, no change; 

OR to INV to AND, no change. 
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STEPS FOR REPLACING A POSITIVE 
AND-OR NETWORK WITH NOR GATES 


1. Change symbols from AND and OR to NOR: 


For clarity use both NOR symbols, the basic to replace OR, 
the alternate to replace AND. 


2. Input: 


To AND, negate to come into bubble of alternate 
replacement; 
to OR, no change. 


3. Output: 


From AND, no change; 
from OR, add inverter because output is from bubble of 
basic NOR replacement. 


4. Interior: 


AND to OR, no change; 

OR to AND, no change; 

AND to AND, add intermediate inverter; 
OR to OR, add intermediate inverter; 
AND to INV to AND, remove inverter; 
OR to INV to OR, remove inverter; 
AND to INV to OR, no change; 

OR to INV to AND, no change. 


Answers to 
Odd-Numbered 
Problems 


CHAPTER 1 


1. Positive and negative steps, ascending and descending exponentials, pos- 
itive and negative ramps, damped sinewaves, DC levels. 


3. a. A steady-state condition is continuous. A transient is a temporary 
situation that occurs when changing from one steady-state condition to 


another. 
b. Transient Steady State 

(a) Step and exponential None 

(b) Step | DC level 
(c) Exponential DC level 
(d) Damped sine wave DC level 
(ce) Ramp DC level 
(f) Ramp None 


5. The 0% and. 100% points actually are never reached. An approximate 
measurement cannot be obtained with any degree of precision because the 
approach to 0% or 100% is so gradual. 


7. The time to charge and discharge shunt capacitance. 


9. a. t, = 80 — 30 = 50 nsec. 
b. t;= 740 — 660 = 80 nsec. 
c. t, = 710 — 50 = 660 nsec. 
5 — 4.2 


42 x 100 = 20%. 





d. Percent overshoot = 


e. Frequency = 950-50 = 16.66 psec. 
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CHAPTER 2 


13. 


15. 


17. 
19, 


21. 


23. 


25. 
27. 


29. 


31. 


. Inthe frequency domain a waveform is assumed to be a summation of sine 


waves. In the time domain the actual waveform is studied as a function of 
time. 


. Harmonic analysis is the breaking down of a periodic waveform into sine 


waves. One sine wave, called the fundamental, has the same frequency as 
the waveform. The other sine waves, called harmonics, have frequencies 
which are multiples of the fundamental. 


- Amplitude of the third harmonic equals A /3°. Amplitude of the seventh 


harmonic equals A/7*. Ratio equals 1/5.44. Ratio of harmonic fre- 
quencies equals 7/3 = 2.3. 


. Half-wave symmetry occurs when the positive and negative variations 


around the DC average of a wave are symmetrical. When a waveform has 
half-wave symmetry, it has odd harmonics only. 


. The edges or steps. 
11. 


a. 105 x 0.707 = 35.35 V. 
b. 10x10x5x0.5 = 250 mW. 


ce. 45°. 
d. 5k. 
a 1 _ 
© = Fr 800-5K O04 HF. 


Shunt capacitance from problem 12 equals 16 pF. 

fi = 1/( 2a X 7.5K X 16 pF) = 13.33 MHz. 

Rise and fall times. 

The rise and fall times of the edges will get longer. 
0.35 

Ja= min ¢, 


ors eee 0.35 0.35 
bie = (30)? = (20) f= ; = 72.36 nsec = 15.65 MHz. 


Bandwidth increased, resistance decreased. 





= 7 MHz. 





As the bandwidth increases, the pulse across a load resistor approaches 
the waveform of the source because the increased bandwidth allows 
sharper rise and fall times. 


The response will fall off in the low-frequency end of the band because the 

series reactance of the capacitor will get higher at low frequencies. 

a. The droop is more severe at low frequencies and wide pulse widths. 

b. The droop will decrease if the series capacitance is increased and be 
unaffected by shunt capacitance. 


CHAPTER 3 
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. Capacitor voltage equals zero. Resistor voltage equals 5 V. Current equals 


1.85 mA. 


3. A farad can be expressed in sec/). 
5. ve=5(1—e 78) = 3.67 V. 


11. 


13. 


15. 


We 


VR= 1.33 V. 
i=0.49 mA. 
25 
. ve=10(1- ess) = 8 V, 
» Ve=10- (10 - 4)e i551 = 8.8 V. 
- Vo=10—[10—(—4)]Je ust = 7.2 V. 
» SRC =77.55 psec. 
s ¥o= 10 V. 


° Vc=5 V. 
Ve=—)5 V. 
b. VotvrR=O0. 


After 5 cycle, 

vo=10(1-e7-%)=7.36V vp = 2.64 V 
After 1 cycle, 

Vo=7.36e-5=1.94V vr =8.06 V 


sa ofS © & & 


After 13; cycles 


vo=10—(10-1.94)e-5 =7.87 VV vr = 2.13 V 


a. Waveforms like Fig. 3-10 
VC(max) = ae =7.914V 
ie 
Vemmin) = 10 — 7.914 = 2.086 V 
— 7.914 to 2.086 _ positive half-cycle 
*" |=7.914 to —2.086 negative half-cycle 








b. Approx. average Vc = Ve tes =5V 
Average Vr = 0 
_ 7 _ 
a. ¢=15.51 In ne | 1.63 psec. 
_ 2) _ 
b. ¢=15.51 In (= =) a 35.71 psec. 
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19 eee as 0.35 X 27RC = 2.199RC. 
fu 1 
27RC 
21. In a differentiating circuit the output voltage is taken across the resistor. 


23. 


25. 


ai. 


29. 


31. 


33. 
JD. 


aes 
39. 
41. 


43. 


45. 


In an integrating circuit the output voltage is taken across the capacitor. 


RC = 6 times the input pulse width. 


6 psec 


Droop = SOuisec X10 V=2 V. 


_ 2 psec _ 
RC =a x5 V=10 usec. 
The time constant is short (= 1/10 t,). The output waveform is a spike 
[Fig. 3-15(b)]. Max peak voltage equals 5 V. Min peak voltage equals —5 


Ne 


a. A short time constant. 
b. The slope. 


Short. 


. Differenting circuit—short time constant. 
. Integrating circuit—short time constant. 
Differenting circuit—long time constant. 
. Integrating circuit—long time constant. 


ae 


Plate B immediately increases to 27 V. 


Approximately zero. 


ao V,=5 V. Vzis10V. Therefore V. is 5 V. 

b. Vg = 20 V. 

c. Vg=10 V. 

d. V;=0 V at that instant. 

a. V-=48 V Vp=0 V. 

b. Ve=48V =-4V. 

c Vo=SV Vrp=O0V. 

d. Vc=5 V Vrp= +43 V. 

e Vo=48 V Ve =0 V. 

a. Transistor Q, is OFF and transistor Q, is ON. 

b. Ve=12-1=11 V. 

c. Vez of O,=0.5—-11= —10.5 V QO, goes OFF. 
d. The capacitor charges and Vz of Q, tries to reach +12 V. 


CHAPTER 4 


1. 
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a. Waveforms as in Fig. 4-4. 
b. i equals zero at the leading edge of the pulse and 0.2 mA at the trailing 
edge (t, =5 L/R). 


3. Faster. 
5, i =0.2 (1—e 7") =0.126 mA. Vp = 0.126 mA X 10K = 1.26 V. 


11. 


13. 


15. 


AT. 


19. 
21. 





V, =2-1.26 = 0.74 V. 


(680)° 3x 1073 


= 115,600 <———___ = 136,3 
4 0.022 x 10-6 63 underdamped. The waveform 


is like that in Fig. 4-8. 


Z 
3 mh X 0.022 pF 4 (3 mh)’ 


1 
4x 48 kHz 


fro = 


= 5.2 wsec 


. The number of stages in a delay line is limited because of the attenuation 


and rise and fall time deterioration of each stage. 


Distributed capacitance from line to ground can increase the rise and fall 
time of a pulse on the line. Distributed capacitance between lines can 
couple rapid voltage changes from one line to another causing spikes on 
the second line. | 


Distributed capacitance is caused by the charge produced by a difference 
of potential between two conductors that are insulated from each other. 
Distributed inductance is caused by an induced voltage opposing the 
current change which produced it. 


t,= 6 X 6 pF X 10K = 360 nsec. 

The above time constant calculation assumes a zero impedance driver. 
The higher the driver impedance the lower the amplitude of the spike and 
the lower the time constant. 


Conventional current goes out of the dot of the primary and into the dot 
of the secondary. V> is negative. | 


The waveform will look like Fig. 4-26. 


If a pulse is short compared to the primary time constant, the current will 
not change appreciably during the pulse. As a result, the current will be 
small at the time of the trailing edge. Therefore, after the removal of the 
input pulse, the primary current will have a long time to decay a small 
amount, making the rate of change slight. A wider pulse will enable the 
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23. 


25. 


27. 


CHAPTER 5 


current to become greater and increase the rate of change after the trailing 
edge, causing a greater overshoot. 


R, = 8? x 100 = 6400 


6400 
>= 9000 + 6400 * 18=7-6 V 


E,=“2=0.95 V => =9.5 mA 


10 
n = V2000/100 = 4.47 


The huge positive spike will exceed BVcgo by a large amount and break 
down the transistor to create a path for the current. 


Shunt the coil with a diode and resistor in series. 


1. Approximately 0.7 V. Refer to point (b) of Fig. 5-1. 


11. 


13. 


15. 


. ae Rr 


- A diode cannot be represented as a resistor in the forward direction 


because the resistance changes with current. 


. Using the piecewise linear method 


b. Vr=0.7+6 0 X35 mA =0.91 V. 


— 10 
~ 0.02 pA 
30 


b. Rr ~ 0.02 pA = 1500 MQ. 


= 500 MQ. 


-» PRV means peak reverse voltage. In Fig. 5-3 the PRV is estimated to be 


38 V. 


Diode is OFF because the cathode has a higher potential than the anode 
causing the diode to be reverse biased. 


a. [zx 1s the knee current where the curve in the avalanche region begins 
to lose its steepness. Jz7 is the test current where Vz is specified. Izy is 
the maximum avalanche current the diode can tolerate without exceed- 
ing the power dissipation. 

b. Vz can be accurately assumed between [zy and approximately 10 Izx. 


36-2] 
In problem 14, R = 95 mA 


36 — Ve 
947 O 





= 947 (). 





In problem 15, J = = 37 mA. 


19. 


21. 


23. 


ZS 


27. 


29. 


31. 


33. 


33. 


37. 
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. Upper level = 15 — V>= 14 V. Lower level = Ground. 
. Upper level = 14 V. Lower level =5 V. 
. Upper level = 14 V. Lower level = —5 V. 


. Assuming a diode will not conduct until V; exceeds 0.5 V, it will take 
four diodes in series in Fig. 5-26 to block 2 V of noise. 

b. If the diodes fully conduct, V7 can approach 1 V. Therefore, the pulse 

amplitude can drop to 5—4=1 V. 


Assume Vr>=1 V 
Upper (V) Lower (V) 
1 


Ss © && & 


a. ly 
b. 11 — 15 
Cc. —9 = 15 
d. +15 —1 
e. +15 +9 
f. +15 = 
g. +6 = 
h. +6 —] 
i. +1 —6 


The circuit is like Fig. 5-28 with V, = 10 V and Vz = Ground. V;is assumed 
to be 0.7 V and Vou is between the gate and ground. 


a. The circuit is like Fig. 5-26 with the diode reversed. 
b. The circuit is like Fig. 5-28 with the diode to B removed. 


A clamper maintains the peak-to-peak amplitude of the input and estab- 
lishes a DC reference. A clipper limits the swing of the output and by so 
doing reduces the peak to peak amplitude of the input. 


The symmetrical square wave may be changed to a negative square wave 
by applying the symmetrical wave to a clamper as in Fig. 5-29. 


V,; assumed to be 1 V: 
a. Upper level equals 6 V; lower level equals —24 V. 
b. Upper level equals —4 V; lower level equals —34 V. 


The clamp circuit in Fig. 5-29 cannot clamp if V4 is greater than the upper 
input level because the diode will always be reverse biased. 


a. Reverse diode in Fig. 5-29 and make V,= +4 V. 
b. Use Fig. 5-29 as is with V,= +9 V. 


a. Assume transistor is OFF. Connect anode of clamp diode to the output 
line. Connect cathode of diode to +4 V. (Vr assumed to be 1 V.) 

b. The clamp diode will still be forward biased and the output line will 
remain clamped to +5 V. 
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39 


41. 


43. 


CHAPTER 6 


c. 1. The current in R, will remain the same. 
2. The current in R, will increase. 
3. The diode current will decrease. 


t, = 2.2 X 2.7K X 30 pF = 180 nsec. 


Diodes can be used only in the forward-biased condition to provide a 
voltage drop. 


There can be more than one answer depending on the operating point of 
the diodes. If the diodes are assumed to be operating at Ve =0.75 V and 
Ip =5 mA (as in Fig. 5-1), it will take two diodes in series to bring Voy, to 
ground. R under these circumstances is 12 V/5 mA =2.4K. 


° ae Vout o VK (sat) =0.22 V Ice= 10 mA). 


b. Vou = 12 — (100 nA x 1.2K) = 12 V. 


3. Vig =0.25 V reverse-biased. Circuit as in Fig. 6-4(c). 


11. 


13. 


15. 


17. 


- A switch is also called an inverter because the output levels are opposite 


or complementary to those of the input. 


8 IcEo == heel cro = 60 x 0.12 WA =) 2 A max. 


- When OFF, the leakage current can cause an appreciable voltage drop 


across RK; causing Vcg to be significantly less than Voc. 
a. [p= 45 pA. 
b. VeK(at) =0.2 V Vex (sat) = 0.62 V. 
C. Vou VK (sat) os 0.2 V. 
3.6 mA _ 


d. Min nee AS A 80. 


a. Ic will decrease. 

- Vcr(sat) Will decrease slightly. 

- Vera) Will decrease slightly since the base current to drive into satu- 
ration will decrease. 

a. Vex(sat) = 0.65 V min to 0.80 V max. 

b. Vac = 0.80 — 0.22 = 0.58 V max. 

c. The base-collector junction is forward biased which is typical of satu- 

ration. 


Oo & 


In problem 16 the minimum /iz, is 74. 

a. If the min /zg is exceeded I; and Vcg remain essentially the same. 
Therefore Jc = 6.68 mA, Vez = 0.3 V. | 

b. fc =4.5mA Veg = 15 — 4.5 X 2.2 =5.1 V (no longer in saturation). 


19. 


21. 


Zo 


25. 


ree 
29. 


31. 
33. 
35. 


37. 
39. 


41. 


43. 


45. 
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5.8 ma 
» Apgmin) = = = 90. 
a FE(min) 65 uA 
b. If J, increases, J- remains essentially the same in saturation. Therefore, 
hrg actually decreases. 
_ 30 — 0.6 
1A 
_i5—135 
100 mA 
oe 2d i, | 
ee 
The output current and voltage pulses in relation to the input are shown 
in Fig. 6-13. 
t, and t¢ are caused by the input capacitance of the transistor. 


a. bani a ti “+ b. 
b. tore = U, 2 Ly. 


a. R, = 49.4 Q. 





b. Rp = 135 Q. 





< 0.53 = 1.66 V. 


Bypass diode from base to collector. 
A junction of n material and a metal conductor. 


a. The gate and drain of an n-enhancement FET are positive with respect 
to the source. 

b. The gate and drain of a p-enhancement FET are negative with respect 
to the source. 

a. 0.5 V. b. 12 V. 


a. Vou = Vosvon) sae eo 

b. Vou = Vop — Lpss X Ri ~ Vop = 15 V. 

The knee of the FET is more rounded in the ON region than is the knee 

of the bipolar transistor in saturation. The current in a FET switch is 

limited to lower values because the rounded knee makes an appreciable 
increase in the ON voltage. 

a. Care must be observed in handling MOSFET devices because static 
charges on the human body can cause sufficient voltage to break down 
the extremely fine layer between the gate and the substrate. 

b. A list of precautions which must be observed in handling MOSFET 
devices is in Appendix 6-6. 


In a CMOS circuit 

a. The source of the p-FET is connected to the supply voltage. 
. The source of the n-FET is connected to ground. 

The input is connected jointly to both gates. 

. The output is taken jointly from both drains. 


ao 
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47. 


49. 


51. 


53. 


i 


=f 


CHAPTER 7 


The OFF transistor serves as a “load resistor’ for the ON transistor in 
CMOS. 


a. 
b. 


C. 


d. 


C. 


eon & & 


a Oo & & 


Vos of the p-FET is zero. 

Vos of the n-FET is +10 V. 

The n-FET is ON. 

The p-FET is OFF. 

The output voltage is Vps(on) of the n-FET and is approximately at 
ground. 


. Enhancement FETs are used as resistors in ICs because of their ease 


of fabrication. 


. To be used as a resistor the [p versus Vps relationship of an enhance- 


ment FET must be linear. 


. The linear relationship is obtained by connecting the gate to the drain. 


This is only possible with enhancement FETs because, to make this 
connection, the gate and drain have to have the same polarity. 


Resistor Curve Load Line 
(Ves) (Vps)1 Ip (mA) (Vac) Ip (mA) (Vps)2 
—4 —4 0 —4 0 = A) 
—6 —6 Be mado Lag mS 
—8 —8 3.0 = es 3.0 —6 
—10 —10 4.9 =10 4.9 ~—4 
=12 al Oe 6.9 ca 6.9 = 2 


Q, is the “‘resistor,’’ Q> is the transistor switch. The load line is the plot of Jp 
versus (Vps)2. (Vos): is Vz. 


. The circuit is shown in Fig. 6-34. Vpp is negative. 
. It is a PMOS switch. | 
- An NMOS switch may be obtained by changing to NMOS FETs; 


making Vpp positive; making Vps, Ip and V¢s in Fig. 6-44 all positive. 


» Vout = Voston = 9.7 V (from curve). 

» Vou = Vop = 15 V. 

. Ves = 0 (part a) represents the ON condition. 
° Vos min) to turn ON = —0.5 V. 

» Vostmax) to keep OFF = —3 V. 


- The pins on an IC are numbered as you look at the top of the chip. 
. The key is generally a notch or slot in one end of the chip. 

. The pins are numbered counterclockwise. 

- Pin 1 is the pin below the notch. 
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Pin 7 is on the opposite end of the same row as pin 1. 
Pin 14 is on the pin above the notch. 
Pin 8 is on the opposite end of the same row as pin 14. 


3. Vcc. 
5.a. 5 V. 


19, 


21. 


23. 


Poe 


CHAPTER 8 


ce oP Pp B 


b. 5, 10, and 15 V—called parametric ratings. 


. The same circuit can be a switch and an inverter because the input and 


output levels are complementary (i.e., the levels are “inverted’’). 


. a. 3 V min d. Uncertain 


b. 3 V min e. 0.3 V max 
c. Uncertain f. 0.3 V max 


. cand d. 

» Vi=2 V max Vir = 1.3 V min. 
. CMOS. 

. Refer to Fig. 7-7: 


Input Pulse ° Output Pulse 


- Upper level=7V Lower level = 0.05 


Lower level = 3 V Upper level = 9.95 


The output pulse, measured at the 50% points, is delayed by 40 nsec as 
it descends and by 60 nsec as it ascends. 


Delay attributable to ¢,= 22 —10= 12 nsec. 
Delay attributable to t= 66 — 60 = 6 usec. 


Manufacturer, logic family, electrical specifications, temperature range, 
function, and package. 


a. Six inverters in a chip. 
b. 4 each 2-input NOR gates in a chip. 


There are ceramic and plastic dual-inline packages. The ceramic is gener- 
ally sealed and is more expensive. 


-5V b.t+1V ¢«+1V 
+5V bt+4V 6 +4V 
A-B-C=1 A-B-C+D=1 
.A-B-C=0 A-B-C+D=0 
.(A+B)=H (A+B):C:D=L 
.(A+B)=L (A+B)-C-D=L 
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7, ABCD A-B-C A-B-C+D A+B (A+B)-C-D 
000 0 0 0 0 0 
0001 0 1 0 0 
001 0 0 0 0 0 
0011 0 1 0 0 
0100 0 0 i 0 
to 4 0 1 1 0 
011 0 0 0 1 0 
0111 0 1 1 1 
100 0 0 0 1 0 
1001 0 1 1 0 
Lot 0 0 1 0 
Oh 4 0 1 1 1 
110 0 0 0 1 0 
1. tO: 4 0 1 1 0 
1 de 0 1 1 1 0 
1111 1 1 1 1 
9.A-B (C+D)-A-B 
C+D | 


E+F (E+F):(C+D) (E+F):(C+D):G 
—Out=[(C + D)-A-B]+(A-B)+[(E + F):(C+D)-G] 





11. a. 
+ AND -OR 
A B (High Levels) (Low Levels) 
O- 0 0 0 
0 1 0 - 0 
1 0 0 0 
1 1 ti 1 





b. The truth tables for + AND and —-OR are the same. 

c. The same gate can be used for +AND and —OR. 

d. You would use a —OR gate when input and output signals are active 
low. 


13. Diode gates cannot be used in the logic blocks in Fig. 8-38 because each 
resistor has to be unique to give the specified voltage levels at the required 
currents, preventing standardization. This also makes changes difficult 
and causes the resistor values to be reduced requiring higher wattages as 
the network increases in length. 

15. When a diode gate feeds an output transistor, the output is inverted and 
the function negated. ; 


17. 


19. 
21. 
23. 
25. 


27. 


29, 
31. 
33. 


J3% 
a 


39. 


41. 


43. 
45. 


47. 


49. 
51. 
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a. The NAND gate symbol is the AND gate symbol with a bubble repre- 
senting inversion on the output. 
b. The NAND is not a negative AND gate. 
NAND 
. 0 b. 1 c. HIGH 
. HIGH level b. LOW level c. HIGH level d. LOW level 


a 
a 
a. Pulse with upper level = 3.7 V and lower level = 0.7 V. 
b. Pulse with upper level = 4.3 V and lower level = 2.3 V. 
a 
b 


. Inverted pulse with levels Voy and Vo,. 
. Continuous low level—Vo;. 


Add an inverter to the output of the NAND gate. 
Add an inverter to the output of the NOR gate. 


a. A and B pass through inverters before coming into the first NAND. 
Output of second NAND gate passes through an inverter. 





b. A-B-C-D. 
A-B-C=A+Bt+C=A+B+C. 
A-Bgate (A-B)+C+D gate Output 
a H L | H 
b L H L 
C. L L H 
a D+E+F. 
b. (D+E+F)-(G+A). 


Diodes D, and D, suppress high-frequency oscillations which can occur 
when the input has a very fast rise or fall time. 

Diode D; raises the emitter voltage of Q; enabling Q; to turn OFF before 
QO, turns ON, or Q, to turn OFF before Q; turns ON. 


Totem pole. 


a. Base Q, is LOW b. Base Q, is LOW c. Base QO; is HIGH 
d. Base Q, is LOW e. Output is HIGH. 

a. 16 mA. 

b. Conventional output current flows into the chip. 

c. 40 pA. 

d. The conventional current in c flows into the chip. 

a. 0.4 Vmax. bz. 2.4 V min. | 

a. Less than 0.8 V on either input terminal. 

b. 400 pA. 
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c. Source current. 

d. The output source current furnishes [; to the gates it drives. Ij is the 
leakage current of the reverse-biased input junctions. The output 
source current also charges up the capacitance on the output line. 


53. a. 3.6/0.18 = 20 b. 8/0.36 = 22 
55. a. Use 1 each quad two-input NAND and 1 each triple three-input 


CHAPTER 9 


11. 
13. 


15. 


17. 


a uw = 


NAND (this will have two unused inputs). 
b. There are four recommended procedures for handling unused inputs. 
They are shown in Sec. 8-14. 


. Totem pole, open collector and three state. 


. L type units have higher internal resistance values than standard types. 


S. 


. Diodes in LS and S types are Schottky diodes. The transistors have Schott- 


ky bypass diodes between the base and collector. These diodes, by provid- 
ing base-collector bypass current, reduce the propagation delay. 


. Speed-power product of LS type equals 


9.5 nsec X 2 mW = 19 pJ 
Speed-power product of standard type equals 
9.0 nsec X 10 mW = 90 pJ 


The dimension, picojoule, is a measure of energy. 
The speed-power product should be low. 


Ioy of an open-collector gate is the leakage current of the driver transistor 
when it is OFF. The sign of Joy in an open-collector circuit is opposite to 
that from a totem pole output because Jo, is load current and not drive 
current in an open-collector circuit. 

5 —2.4 5 — 0.4 
a. R= 


=5.2K b. [= 
ec. 16—0.88 = 15.12 mA 


500 pA 5.2 
Advantage of making pull-up resistance high—Allows open-collector 
driver to provide more sink current to gates. 
Advantage of making pull-up resistance low—More source current is 
available. 








= 0.88 mA 


19. 


21. 


23. 


25. 


Bis 
29. 


31. 


33. 


22s 


a7, 


39. 


41. 
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The external pull-up resistance is 


5= U5 . 
Ros = 8 — (6 x 0.36) = 770 Q min (Use 820 Q) 


(n X 100 pA + 6 X 20 pA)820 = 5 — 2 n(the fan-in) = 34 
. Four-input NOR 

. Eight-input AND 

Eight-input NOR 

» Qo, ON, Qo3 OFF, Q; OFF, Q, ON, output LOW. 

- Qo, OFF, Q23 OFF, Q3; ON, Q, OFF, output HIGH. 


The schematic of a two-wide, three-input AND-OR-INVERT gate is like 
Fig. 9-8 with three emitters on Q,, and Qj, each. 


A+B+C+Dt+E-F-G-H. 


Part of basic NAND: O,, Ri, R, Q>, Ra, Rs, QO3, D3, and O,. Added for 
inversion: O10, O11, Do, 2K, 800 ©. 


. Emitter O,, LOW. 

~ Collector Qi), HIGH. 
. Emitter OQ, HIGH. 

. Collector O, LOW. 

. Output LOW. 


. Emitter Q.3 LOW. 

. Collector QO,, HIGH. 
. Emitter Q,, HIGH. 

. Collector Q,;, LOW. 
. Output LOW. 


» HIGH, LOW, DISABLED. 

» HIGH—Source driver ON, sink driver OFF. 
LOW—Sink driver ON, source driver OFF. 
DISABLED—Both drivers OFF. 


Three-state drivers are used when multiplexing several transistors to a 
common line so that the inactive driver outputs do not load the active 
driver. 


a. Output is HIGH. 
b. Output is DISABLED. 


Control input of three-state gates—LOW station 2, HIGH stations 1 and 
3. Control input of NAND gates—HIGH station 3, LOW stations 1 and 
he 


sp A oD 


sp weRonwe Aer oD 
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43. 


45. 


47. 


49. 


31. 


52 


55. 


ot 


59. 


61. 


An open-collector output lends itself to interfacing with other systems 
because the pull-up resistor can be connected to a supply voltage that is 
different from the Vcc of the chip. 





a. 2.2R X20 X 10°" =50 xX 10° R=1136Q (use 1.2K). 
10-0.4 | 
b. 12K 8 mA. 


ce. Voy = 10-250 pA X 1.2K = 9.7 V. 

Upper level noise margin = 9.7 —8.0=1.7 V. 

Lower level noise margin = 2.0 —0.4=1.6 V. 

Vas = Vpn. 

~ Vos = 0. 

. N-FET is ON and p-FET is OFF. 

. max V,, = 0.05 V. 

. The protective network is to prevent voltages on the input line from 
exceeding the breakdown voltage between the gates and the substrate. 


a. The three-input CMOS NAND gate has three p-FETs in parallel and 
three n-FETs in series. 


a. The output is HIGH. 

b. A LOW input turns the p-transistors ON. 

c. A HIGH input turns the n-transistors ON. 

B means buffered; UB means unbuffered. In a buffered gate the inputs 
are preceded by an inverter and the output followed by an inverter. 
The NAND of A and B gives A + B. If both NOR inputs are LOW the 
output of the NAND is LOW and the output of the entire gate is HIGH. 
The diode-resistor network in the input of Fig. 9-28 protects the CMOS 
circuit from negative noise voltages. There are no diodes connected to Vcc 
so the buffer/converter can interface an input greater than Vcc. 


conan o & # 


a. An interface converter like the 4049UB cannot be used to interface 
from a lower voltage because the input must equal or exceed the supply 
voltage to cut off the p transistor. 

b. The 2-input NAND buffer/driver (type 40107B in Fig. 9-29) is used. 
The 5-V inverter is connected to one input and 5 V to the other. 
Vop =5 V. Vou goes to a pull-up resistor and to the 15-V inverter. The 
pull-up resistor goes to 15 V. 


a. Connect the drain of Q, to the joint drains of Q; and Q,. Connect the 
drain of Q, to the source of Q.. Refer to Fig. 9-30. Connect Vpp to the 
source of Qs. 

b. Connect the drain of Q, to the source of Qs. 


63. 


65. 


67. 


69. 


71. 


73. 


TDs 


77. 
79. 


81. 


83. 
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Connect the drain of Q, to the joint drains of Q; and Q,;. Ground the 
source of QO, and Vv. 


a. To turn the bilateral switch OFF, a HIGH level should be on the 
control input of the p side of the transmission gate and a LOW level on 
the control input of the 7 side. 

b. To accomplish the above with the bilateral switch in Fig. 9-32, the 
control input should be LOW. 


a. Connect an inverter to _X;. The six inputs are to A, C, E, G, X, and the 
inverter. 

b. Unused inputs are B, D, F, and H. 

c. Since these unused inputs come into a NAND gate, they should be tied 
HIGH to Vpp. 


Noise margins of the A series are comparable to those of the buffered B 
series. Propagation delays of the A series are comparable to those of the 
unbuffered B series. 


ECL does not have good noise immunity. Contributing factors are low 
noise margins and extremely fast operating speed. 


Since ECL is usually operated with a negative supply voltage, Vo, has a 
higher magnitude than Vox. 


QO, base goes LOW, NOR out goes LOW, Q, emitter remains essoatally 
the same, Q, collector goes HIGH, OR out goes HIGH. 


ECL achieves the equivalent of the TTL open collector by the omission 
of the resistors in the emitter-follower output drivers. These are called 
output pulldown resistors. 


A+B+C+D+E+F. 


These components are used to establish a DC bias, Vgg, which is applied 
to the base of transistor, Q2, in Fig. 9-36. 


I’L injector current has two paths. Path 2 flows into the base of the output 
transistor. Path 1 flows into the output of the preceding circuit. Refer to 
Fig. 9-38. 

a. A three-input J7L NAND gate can be obtained Sy connecting the input 
of an inverter to the joint outputs of three preceding stages. Refer to 
Fig. 9-39. 

b. If all inputs are HIGH, the injector current flows into the base of the 
inverter output transistor which sinks connected gates. 

c. If one input is LOW, the injector current flows into the output transis- 

tor of the circuit providing the LOW input. 
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85. a. Fora HIGH output the input combinations are A = 10 V, B = Ground; 
A =Ground, B =10 V; A = Ground, B = Ground. 
b. For a LOW output inputs A and B must be 10 V. 
87. a. For a LOW output inputs A and B must be Ground. 
b. For a HIGH output the input combinations are A =—-—10 V, 
B = Ground; A = Ground, B = -10 V; A = -10 V, B =—10 V. 


CHAPTER 10 


la 4v. b. Ground. ec. Ground. 
3. 4 V. This is a toggle flip-flop. 


5. a. Input B. 

. Pulse (a) (Fig. 10-35). 

- Ground. 

.O=4V, O=Ground. 

. Apply a LOW level to input B and the (a) pulse in Fig. 10-35 to input 
A. 


7. a. 70 nsec. 

b. The required pulse width would be wider because it would take addi- 
tional time for the cross-coupled voltage on the RESET gate to reach 
the necessary Viz. 

9. Add steering gates 1 and 2 as in Fig. 10-10. 


11. The strobed latch triggers at the transition of the leading edge of the clock 
pulse. 
13. Add another SET input to gate 1 in Fig. 10-10 and another RESET input 


to gate 2. Both SET inputs or both RESET inputs must be HIGH to 
activate the circuit at clock time. 


CoM SF 


15. a. Edge triggering is triggering from the edge of the clock pulse. A spike 
or very short pulse is generated from the edge and the flip-flop is active 
only for this very short interval. 

b. Edge triggering is synchronous. 

c. Synchronous triggering means the time of triggering is controlled by a 
special pulse—either a CLOCK or a STROBE. 

d. In a strobed latch the flip-flop is active during the entire clock pulse. 
An edge triggered flip-flop is only active for a brief interval occurring 
at the CLOCK edge. 


17. Add steering gates to make a strobed latch as in Fig. 10-10. This is the 
MASTER. Then connect Q and Q to SET and RESET of another strobed 


19. 
21. 


23. 


25. 


27. 


29. 


31. 


CHAPTER 11 


1. 
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latch called the SLAVE. Add an inverter to trigger the SLAVE from the 
inverted CLOCK. 


Terminal 6 is 0.4 V maximum. Terminal 8 is 2.4 V minimum. 


Pulse (a): Triggering is from a positive step or the positive edge of a pulse. 
This is the pulse leading edge. 

Pulse (b): Triggering is also from a positive step or edge. This occurs at the 
trailing edge of the pulse. 


Result 

No change 

RESET 

No change 

SET 

COMPLEMENT or TOGGLE 
COMPLEMENT or TOGGLE 


Connect input 5 to ground. Connect inputs 4, 10, and 11 to a high level. 
Make input 3 the D terminal. Connect input 9 to input 3. 


a. An arrow: indicates triggering on the positive or negative edge de- 
pending on the direction of the arrow. The pulse indicates triggering 
when the clock level shifts from HIGH to LOW as in the master-slave 
flip-flop. 

b. H means a HIGH level; L means a LOW level; X means the input to 
that terminal can be either HIGH or LOW under the circumstances. 

The positive edge of the CLOCK precedes the transition of the Q level by 

27 nsec when the 7470 SETS and by 18 nsec when the 7470 RESETS. The 

time measurements are made between the 50% points of both the 

CLOCK edge and the Q transition. 


a. 20 nsec min. b. 5 nsec min. 


The Schmitt trigger will reestablish a distorted pulse to one with very 
sharp rise and fall times. Since it is a threshold-operated device it also 
provides excellent noise margin for incoming signals. 


. The symbol is that of the three-input AND with a hysteresis loop shown 


in the block. 


5. a. 1.2 V. b. 0.2 V. 


7. The output is a rectangular pulse which switches from low to high level at 


16.4° of the half-wave and from high to low level at 171.4°. 
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CHAPTER 12 


11. 


13. 


15. 


17. 


a. 11.2 V, Q, side positive. 
b. Same as a. There is no instantaneous changes in capacitor voltage. 
ec 10.9 V. 
d. Voc. 
» a. 0.707 X 22K x 0.033 wF = 514 usec. 


b. 522 sec. The pulse width is not appreciably dependent upon the 
supply voltage. 


. The negative step is applied to either the A, or A, input. The other A input 


and the B input must have high levels applied. 


. Without external components, Vcc is connected to terminal 9 in addition 


to terminal 14, with terminals 10 and 11 left open. The output pulse is 30 
to 35 nsec in width. 


. a. ty =0.7 X 2K X 10 pF = 14 nsec. 


b. t, = 40 nsec. 
c. When C,,, becomes very low, the internal capacitance becomes signifi- 
cant and should be considered in the formula. The internal C can be 
found by use of the pulse width formula where t, = 30 to 35 nsec and 
R is the resistance between terminals 9 and 11. 


a. A, is HIGH. 

b. The Q waveform is two 23-ysec pulses initiated at the time the voltage 
to A, goes negative when B is HIGH. With A, low there is another 
23-sec pulse generated when B goes positive. The upper level of the 
pulse is Voy (2.4 V minimum) and the lower level is Vo, (0.4 V max- 
imum). The Q waveform is the complement of the Q waveform. 


At time zero the positive edge of the input square wave triggers the 74121. 
At this time the Q output goes LOW and remains LOW for 25 wsec. At 
30 psec the 74121 triggers again and Q goes LOW for another 25 usec. As 
the input continues, Q alternates LOW for 25 psec and HIGH for 5 psec. 
Either A, or A, is kept LOW. 


a. Lower than 0.8 V. 

b. Higher than 2.0 V. 

c. If the above voltages are not attained, there is no assurance that the 
threshold of the Schmitt trigger will be reached. If the thresholds are 
not reached, the Schmitt trigger will not emit a triggering edge. 


a. Io, and [oy are the same. 

[y, and Ij, are the same for the A inputs. 

The B input requires twice the input current both HIGH and LOW. 
b. Voy and Vo, are the same. 


19. 


21. 


23. 


25. 


27. 


29. 


31. 
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If the 74121 in problem 13 were replaced with the retriggerable MONO- 
STABLE 74122, the output would be a continuous low level. 


X is HIGH from 0 to 15 psec. Y is HIGH from 15 to 30 psec. Z is HIGH 
from 30 to 45 psec. 


Single-shot 1 has a 3-msec pulse. Single shot 2 has a 10-ysec pulse. QO of 
single shot 1 is connected to A, of single shot 2. (A, and B are HIGH.) The 
event is initiated with a negative step at the A, terminal of single-shot 1. 
(A, and B are again HIGH.) 


The upper input of the NAND gate is HIGH from 20 to 40 psec. The 
lower input is HIGH from 0 to 25 wsec. The output of the NAND gate is 
therefore LOW from 20 to 25 usec. 

a. The flip-flop is SET. 

b. Q, is OFF. 

c. Comparator 1 is negative. 

a. A terminal. 

b. B is HIGH. 

c. t, =0.2 x 47K x 0.022 wF Xx In(15 — 0) = 560 psec. (Veg is assumed at 
ground.) 


The Q output waveform will be HIGH from 40 to 50 usec, 90 to 100 usec 
and 110 to 120 usec. 


. a. The Q outputs are cross-coupled to one of the A inputs or the Q 


outputs are cross-coupled to the B inputs. 

b. With the A; inputs cross-coupled there are high levels on A; and B. 
With the B inputs cross-coupled there is a low level on one of the A 
inputs. | 


. Allow Rex and C.,, of 2 to be the same. The pulse width of unit 1 must b 


1.5 times that of unit 2. Make C.,.; = 0.047 wF and R.xt; = 49.5K (with 47K 
the nearest practical size). 


. a. A Starting circuit is necessary because it is possible for both monostable 


multivibrators to be in their natural state after turn-on. 

b. Use push button start circuit as shown in Figs. 13-4 and 13-5. 

c. The start circuit initiates the appropriate change in level and as a result 
triggers the first multivibrator. 


2 
r a. 3 Vee. 


b. When this voltage is exceeded, comparator 1 goes HIGH. This action 
resets the flip-flop causing Q to go HIGH. Q, then turns on and the 
capacitor starts to discharge. 
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9. A start circuit is not necessary with the 555 timer. If the flip-flop comes 


11 


13. 


15. 


17. 


on SET, the capacitor begins to charge and the process continues from 
there. If the flip-flop comes on RESET, Q, will go ON and by discharging 
the capacitor, bring the inverting input of comparator 2 below the trigger 
level. When triggered, comparator 2 will go HIGH and set the flip-flop 
initiating the charge cycle. | 

a. 0.7R4C =0.7ReC = 10.7 psec. Period = 21.4 psec. 


10.7 psec 
0.7 X 6800 pF 
b. R, = Din 1 iSg Rz = 1.8K. 
Minimum Duty Cycle = 76%. Maximum Duty Cycle = 83%. 


External synchronization of an astable multivibrator is necessary when 
the frequency or period must be exact or controlled to many decimal 
places. 


R,= Rz= = 2.24K = 2.2K. 


The external synchronizing pulse is applied to the RESET terminal of the 
555 timer. This pulse is negative and is applied during charging part of the 
cycle. 
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AC resistance 136, 137, 207 
Analysis, frequency 22 
AND gate | 
CMOS 370-371 
diode 279-281, 319 
logic block diagram (symbol) 282, 283, 
320 
logic expressions 283, 320 
truth table 284-286 
TTL 354-356 
AND-OR_ 358 
AND-OR-INVERT 349-350, 380-382 
Antilogarithm 534-536 
Aperiodic 4, 19 
A-series 256, 272, 382-383 
ASTABLE. See Multivibrator 
Asynchronous 419-420, 423-424, 434-435, 
449 
Average voltage 14, 20 


Bandwidth 31, 32, 33, 35, 37, 62, 227 
Beta. See Current gain 
Bilateral switch 380 
Bistable latch 439 
Breakdown region of diode curve 140, 142, 
165 
Boolean algebra 283-284, 298-299, 299-301, 
304-305, 320 
B-series 255, 256, 272, 369-372 
Buffer 396 
TTL 363-364 
CMOS 372-377 
Buffered B-series 272, 369-370 








Bypass, base-collector 198-201, 226 
Bypass diode. See bypass base-collector 


Capacitor current 45, 50, 54, 84 
Capacitor voltage 45, 49, 84 
Charging, charging current, charging 
voltage 43, 44, 45, 74 
Clamp (clamper): positive, negative, 
biased 153-158 
clamping DC level 
Clipper 
dual level shunt 151, 152, 153 
improve rise time 160-162, 166 
series biased 147, 165 
series negative 142, 143, 144, 147, 165 
series positive 143, 144, 145, 165 
shunt biased 150, 151 
shunt negative 150, 151, 165, 166 
shunt positive 149, 150, 165, 166 
CLOCK 421, 449 
CMOS 
A-series 382-383 
AND and OR gates 370-372 
B-series: buffered, unbuffered 369-372 
bilateral switch 380 
comparison: other systems 
complementary pair 377 
expandable AND-OR-INVERT 380- 
382 
flip-flops 447-448 
interface-converter 375-376 
inverter 212-216, 227, 228 
monostable multivibrator 498-499 


158-160, 166 


389 
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CMOS continued 
NAND and NOR gates 366-368 
noise margin 259, 260-261 
open-drain buffer/driver 376-377 
supply voltage 255-256, 274 
three-state buffers 372-375 
transmission gate 377-379 
unused inputs 368 
voltage levels 259 

Commutation 79 

Commutative capacitor 196-198, 226 

Complementary pair 377 


Counter 
asynchronous 434-435, 450 
synchronous 435-437, 450 


Critically damped 103, 130 

Cross-couple 405, 417, 448-449, 472, 511, 
524 

Current gain 185-190, 226 

Current switching 389, 399 

Currents, input (Ij;,, Ipz) 310-311, 322 

Currents, output (Io,, Iori) ~311-312, 321 

Cutoff current 176-182, 225 

Cutoff: low frequency (f,), high frequency 
(fx) 27, 30, 31, 32, 33, 35, 37, 40, 
527-529 


Data lockout of master-slave flip-flop 427, 
446-447, 449 

DC component 23 

DC levels 2 

DC restorer. See Clamp 

Delay circuit 487-489, 500 

Delay line 105, 107, 108, 130 

distributed 113 
Delay time (tg) 193, 198, 211, 226, 227 
Schmitt trigger 463, 465 

D flip-flop 437—438, 450 

De Morgan’s Theorem 298-299, 321 

Differentiator, differentiating circuit, 
differentiation 3, 63, 69, 70, 85, 110, 131, 
145, 146, 149, 537-540 

Distributed capacitance 109, 118, 130, 131, 
262 

Distributed inductance 109, 110, 130, 131 

Dot convention 118, 119, 120, 121, 131 

Droop 12, 13, 14, 18, 20, 37, 39, 65 


DTL 293-295, 320, 321 
Dual-inline package 272, 275 
Duty cycle 10, 19 


ECL 383-389 
Edge trigger 
flip-flop 439-444, 456, 495 
MONOSTABLE multivibrator 480, 
500 
Enhancement, MOSFET 
load resistor 216-221, 228 
n-channel 201-205, 206-210, 227 
p-channel 205-210, 227 
precautious (protective network) 212, 
213, 227 
Expansion, expandable gate, 
expander 350-354, 380-382 
Exponent 530-531 
Exponential 3, 44, 47, 84 


Fall time (ts) 6, 14, 18, 19, 62, 193, 198, 
211, 226, 227, 264, 465, 467 

Fan-in 312, 322, 342-344, 370, 397 

Fan-out 312-314, 322, 342-344, 373, 386, 
389, 397 

Faraday’s Law 125 


Filter, low pass, high pass 27, 28, 29, 31, 
40 

555 timer 

ASTABLE 514-521, 523-524, 525 


MONOSTABLE 491-498, 501 
Flat package 273, 275 
Flip-flop 411-449 
clocked RS 21-423 
D 437-438, 450 
edge-triggered 439-444, 445, 450 
JK 431-434, 450 
master-slave 425-426, 444, 445, 
446-447, 449 
RS 415-419 
toggle 431, 450 
Flux, magnetic, primary flux, rate of change 
of primary flux 114 
Forward characteristic 136 
Forward drop 139, 141, 163, 164, 166 
Frequency of oscillation 104 


Frequency region: low, high, mid 28, 29, 
30, 40 

Frequency response 27, 40 

Fundamental 23, 25, 26, 40 


Harmonic 22, 24, 25, 26, 32, 33, 40 

hrg. See Current gain 

Hold time 446-447, 450 

Hysteresis of Schmitt trigger 462-464, 467 


Ipss (drain-source leakage) 208, 210 
PL 389-392 
Impedance transfer, impedance match 121, 
131 
Inductor current 93, 129, 130 
Inductor voltage 93, 130 
Inductive time constant. See Time constant 
L/R 
Injector 389, 399 
Input impedance 211, 227 
Integrator, integrating circuit, | 
integration 70, 72, 85, 109, 131, 540-544 
Interface 
CMOS: high voltage to lower 375-376 
CMOS open drain 376-377 
TTL to CMOS 340, 364-366, 396 
Interwinding capacitance 118, 120, 131 
Inverter 174, 225, 306, 389-390 


JFET 221-225, 228 
JK flip-flop 431-434, 450 


Latch 

bistable 439 — 

NAND 415-417, 448 

NOR 417-418, 449 

strobed 421-423, 449 
Leakage current 

diode (reverse current) 140, 141, 164 

MOSFET. See Ipss 

transistor. See Cutoff current 
Logarithms 531-534 
Logic equations. See Boolean algebra 
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Manufacturer’s designation of IC chip 269, 
270 
Mark 11, 20 
Master-slave 425-428, 444, 445, 446-447, 
449, 455, 456 
MONOSTABLE. See Multivibrator 
MOSFET. See Enhancement MOSFET 
Multivibrator 
ASTABLE 412, 511-525 
bistable 411, See also Flip-flop 
MONOSTABLE 411, 471-501, 
912-514 
Mutual inductive coupling 113 


NAND gate 
cascading 299-301 
CMOS 366-368 
DTL 293-295, 320. 
dual function and symbol 
321 
function 295, 320 
PL 390-391 
NMOS _ 393 
PMOS 394 
symbol, truth table and logic 
expression 291-295 
TTL 305-312, 321 
Negative logic (-AND, -OR) 286-288 
NMOS 220, 221, 228, 393 
Noise filter (noise threshold) 145, 147 
Noise immunity 144, 145, 166, 259-262, 
275, 398 
Schmitt trigger 464, 465, 467 
Noise margin 
CMOS 259, 260-261, 275, 397 
comparison 389 
ECL 385-386, 398 — 
MOSFET 210, 227 
transistor 190-193, 226 
TTL 259, 260, 275 
Non-retriggerable MONOSTABLE 483, 
500 
NOR gate 
cascading 304-305 
CMOS 366-368 
dual function and symbol 302-304, 
321 


296-298, 
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NOR gate continued 
ECL 384-385 
function 301, 320 
I'L 391-392 
NMOS 393 
OS 394 
symbol, truth table and logic 
expression 301-302 
TTL 344-349 


One-shot. See Multivibrator, 
MONOSTABLE 
Open-collector 337-344, 364 
Open-drain 376-377 
OR gate 
CMOS 370-372 
diode 281-282, 319 
ECL 384-385 | 
logic block diagram (symbol) 282, 
283, 320 
logic expression 283, 320 
truth table 284-286 
TTL 356-357 
Oscillations 102, 103, 104, 118, 307 
Overdamped 102, 103, 130 7 
Overshoot 3, 17, 18, 20, 101, 102, 103, 
105, 115, 116, 117, 131 


Package specifications of IC 272 

Peak reverse voltage 140, 165 

Period 4 

Periodic 4, 19 

Pickup 110, 113 

Piecewise linear 137, 138, 139 

Pinch-off 203, 204, 205 

Pin designations of IC chip 254-255, 274 

PMOS 220, 221, 228, 394 

Power dissipation 318-319, 337, 373, 387, 
389, 397 

Precautions, MOSFET 212, 213, 227 

Primary current, rate of change of primary 
current 114, 115, 131 

Propagation delay 262-268, 275, 369, 387, 
389, 397, 446, 450 

Protection, MOSFET. See Precautions MO- 
SFET or Enhancement MOSFET 


Pull-down resistors 387, 388 
Pull-up resistors 337-344, 364 
Pulse, pulse waveform, pulse input 1, 6, 7, 
9, 10, 19, 54, 91 
ASTABLE multivibrator 511-514 
MONOSTABLE 
multivibrator 473—479, 481-483 
Pulse amplitude 11, 13, 20 
Pulse repetition frequency (PRF) 4, 19 
Pulse repetition time (PRT) 4, 19 
Pulse transformer 114 
Pulse width 8, 14, 19, 35, 117, 131, 419, 446, 
450 | 
MONOSTABLE 
multivibrator 477—479, 481-483 
555 timer 
ASTABLE 517-521 
MONOSTABLE 494-496, 500 


RC time constant. See Time constant RC 

Rectangular pulse 2, 3, 24 

Resonance 101, see also Oscillations 

Retriggerable MONOSTABLE 483-485, 
500 

Reverse characteristic 139 

Reverse recovery time 140, 165 

Ringing 3, 16, 18, 20, 118, 120 

Ripple counter 486-487, 500 

Rise time (t,) 6, 14, 18, 19, 32, 37, 60, 61, 
62, 96, 98, 109, 112, 160, 193, 198, 211, 
226, 227, 264, 462—463, 465, 467 


Saturation 182-190, 226, 307, 321 
Schmitt trigger 460-467, 480-481, 500 
Schottky diode 199-201, 226, 335 
Schottky transistor 201 
Set-up time 446-447, 450 
Shift register 
parallel 428 
serial 428-431, 450 
Single-shot. See Multivibrator, 
MONOSTABLE 
Sink current, sink, sink resistor 315-316, 
322 
Source current, source, source 
resistor 315-316, 322 


Space 11, 20, 446 
Speed-power product 335, 337, 385 
Speed-up capacitor. See Commutative 
capacitor 
Spike (noise spike) 3, 69, 70, 85, 111 
Spike, inductive 125, 126, 127, 131 
Square wave 23, 38, 55, 56, 99 
Starting of astable multivibrator 514-515, 
524-525 
Steady state 5, 58, 98 
Steps: positive and negative 2, 19, 52, 54, 
73, 84, 85, 90, 95, 111, 129 
Storage time (t,) 195, 198, 211, 226 
Strobe 424, 449 
Supply voltage 
CMOS 255, 256, 274 
ECL 383 
TIL 255, 250, 274 
Suppression of inductive spike 128, 129, 
132 
capacitor suppression 129 
diode resistor suppression 128 
diode suppression 128 
Switching time (switching speed) 
bipolar transistor 193-201, 226 
integrated circuit. See Propagation 
delay 
MOSFET 211 
Symmetry, half wave 23 
Synchronization, external of astable 
multivibrator 522-524, 525 
Synchronous 420, 435-437, 449 
Synthesis, frequency 22 


Terminal designations. See Pin designations 
Three-state 396 
CMOS 372-375 
TTL 358-363 
Threshold voltage 
gate-source, Ves(TH) 202, 203, 213 
Schmitt trigger 460-464, 466, 467 
Time constant L/R 
Time constant, RC 46, 47, 49, 55, 63, 69, 
70, 72, 80, 83, 84, 85 
Time race 424 
Totem-pole 307-308 
Transient 5, 19 





91, 94, 96, 114, 115, 130 
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Transistor characteristic curves 


input 177 
output 176 


Transistor switch 174, 175, 225 
Transmission gate 377-379, 397 
Truth table 


AND, OR 284-286, 320 
-AND, -OR_ 287 
NAND 296 

NOR 302 


AND 354-356 

AND-OR_ 358 

buffers: CLOCK driver 363-364 

comparison: other systems 389 

expansion 350-354 

flip-flops 447, 455-460 

H-high power 271, 335 

interface 364-366 

L-low power 271, 334 

LS-low power, high speed 271, 335-336 

Monostable multivibrator 480-485 

NAND 305-312, 320, 321 

NOR 344-349 

noise margin 259-260 

open-collector: WIRE-AND 337-344 

OR 356-357 

power dissipation (current con- 
sumption) 318, 322 . 

S-high speed 271, 335 

supply voltage 255, 274 

three-state 358-363 

unused inputs 316-317, 322 

voltage levels 257-258 


Turn-off time 196, 226 

Turn-on time 196, 226 

Turns ratio 122, 123 

Type number (chip designation) 269-274, 
Bio 


Unbuffered B-series 
Underdamped 102, 103, 130 
Unit load 314-315 

Unused inputs 


212, 309-372 


CMOS 368 
ECL 386-387 
TTL 316-317, 322 
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Vara) 184, 185, 226 

Vecrsat) 182, 225, 226 

Voson) 208-211, 227 

Voltage steps. See Steps, positive and 
negative 

Voltage levels: Viz, Vir, Vou; 
Vor 257-259, 274, 369, 385 


Wide, width 349-350, 396 
Wire-AND 341-344 
Wire-OR 387-388, 398 


Zener diode 141, 142, 165 
back-to-back 152-153, 165 
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